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The  University  of  Chicago  Science  Series, 
established  by  the  Trustees  of  the  University, 
owes  its  origin  to  a  f» •« -linn  that  there  should 
be  a  medium  of  publication  occupying  a 
position  between  the  technical  journals  with 
their  short  articles  and  the  elaborate  treatises 
which  attempt  to  cover  several  or  all  aspects 
of  a  wide  field.  The  volumes  of  the  series 
will  differ  from  the  discussions  generally 
appearing  in  technical  journals  in  that  they 
will  present  the  complete  results  of  an  experi- 
ment or  series  of  investigations  which  previ- 
ously have  appeared  only  in  scattered  articles, 
if  published  at  all.  On  the  other  hand,  they 
will  differ  from  detailed  treatises  by  confining 
themselves  to  specific  problems  of  current 
interest,  and  in  presenting  the  subject  in  as 
summary  a  manner  and  with  as  little  techn  i< -a  1 
detail  as  is  consistent  with  sound  met) KM]. 
They  will  be  written  not  only  for  the  specialist 
but  for  the  educated  layman. 
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1-FACE 

In  telling  the  >•  this  search  i..r  the  mode  by 

\\hiih  the  earth  came  into  being,  we  have  let  th< 
dents  that  led  the  inquiry  on  from  one  stage  to  another 
fall  in  with  the  steps  of  the  inquiry  itself.  It  is  in 
keeping  with  tin-  purposes  of  this  series  of  booklets  that 
the  motives  whirh  >et  researches  a-going  should  have 
;th  the  quests  that  arose  from  them.  At 
any  rate,  it  is  rlear  that  the  reader  will  be  at  some 
advantage  in  forming  his  own  judgment  of  the  value  of 
what  is  offered  for  his  acceptance,  if  the  lines  along 
\\hi.h  the  inquiry  was  approached,  the  com! 
that  affected  the  mental  attitude  of  the  inquirer,  and 
the  considerations  that  weighed  in  reaching  conclusions 
are  laid  as  frankly  before  him  as  the  conclusions  them- 
selves. 

will  of  course  choose  his  own  pace,  but 
it  were  well  if  it  were  deliberate.  Pictures  of  nebulae 
ami  nebulous  pictures  rise  slowly  into  good  definition. 

let,  the  interpretations  we  offer  are  tentative; 
it  were  well  to  detain  them  a  little  for  scrutiny  as  they 
pass  under  review.  The  final  story  of  the  birth  of  the 
earth  will  omie  only  after  a  time  when  the  vestiges  of 

ion  have  been  more  keenly  discerned  and  more 
f  a  it  In  ul  I  >  rendered  than  is  possible  now. 

:  one  may  indulge  the  belief  that,  in  due  time 
and  with  adequate  patience,  the  earliest  history  of  the 
earth  may  be  deciphered  with  a  confidence  not  unlike 

we  now  repose  in  the  interpretation  of  its  strati- 
graphic  pages. 


X  PREFACE 

The  reader  will  appro  late  tin  kindness  of  the  Dim 
tors  of  the  Lick,  the  Yerkes,  and  the  Mount  Wilson 
observatories  in  permitting  free  use  of  tlu-ir  photo- 
graphic material  for  illustrations.  I  am  under  great 
obligations  to  Professors  F.  R.  Moulton,  H.  N.  McCoy, 
and  R.  T.  Chamberlin  for  reading  my  manuscript,  in 
whole  or  in  part,  and  for  critical  suggestions  that  have 
been  very  helpful.  Throughout  the  whole  of  the  cos- 
mogonic  studies,  ranging  backward  through  two  decades, 
of  which  this  little  booklet  is  the  outcome,  I  have  been 
a  debtor  in  a  peculiar  degree  to  Dr.  Moulton  for  aid, 
advice,  and  co-operation  in  various  inquiries  involving 
celestial  mechanics  and  kindred  applications  of  the 
higher  resources  of  mathematics.  This  assistance  has 
been  nothing  less  than  indispensable. 

T.  C.  C. 
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1 1«  ».\ 

1 1  it  shall  seem  strange  to  anyone  that  a  student  of  the 
v  of  i he  rocks  should  turn  aside  from  a  field  so  solid 
and  congenial  to  venture  wantonly  into  the  nebulous 
wilds  of  .  osmogony,  I  can  only  plead  in  defense  the 
urgent  necessities  of  the  scientific  chase.  It  came  to  be 
dear  that  only  by  close  pur  -^  the  trail  that  led 

into  the  cosmogonic  fens  and  fogs  was  there  any  hope  of 
overhauling  the  quarry  that  had  awakened  my  instincts 
of  pursuit— a  pack  of  sophistical  sprites  that  had  long 
been  wont  to  vex  a  pet  climatic  enigma  on  whose  solut 
I  had  set  fond  hopes.  It  may  be  some  little  further 
extenuation  of  my  temerity  to  plead  that,  at  the  out- 
set, tlu  trail  was  picked  up  and  the  chase  begun  almost 
as  far  away  as  possible  from  the  pass  that  led  into  the 
bogs  and  mists,  and  that  at  the  start  the  trail  was  as 
i  old  as  a  gla« 

My  early  geologic  work  happened  to  fall  in  a  tract  that 
was  overlain  by  a  thick  mantle  of  glacial  drift  and 
underlain  by  the  sheeted  sediments  of  the  Paleozoic 
seas.  Above,  there  was  little  but  the  products  of  the 
strange  ice  invasion;  below,  there  was  little  within 
reach  but  the  products  of  the  ancient  seas.  Coral  reefs 
and  crinoid  fields  contested  with  moraines  and  drumlins 
the  place  of  first  affection.  Early  bias  favored  the 
sea  life,  but  the  glacial  beds  were  uppermost  in  the  field 
and  soon  came  to  be  foremost  in  the  zest  of  inquiry 
How  ice  sheets  could  have  crept  so  far  south  upon  the 


2  Till.  oKKilN  01     111!    EARTH 

low  plains  in  the  In-art  of  our  continent  grew  t<»l>ea  more 
and  more  insistent  puzzle  as  the  verity  of  tin  invasion 
grew  more  and  more  incontestable.  There  were  indeed 
inherited  theories,  but  when  these  were  brought  to  i 
by  the  precise  realities  of  the  record  as  it  was  met  from 
day  to  day  in  the  field,  they  seemed  to  limp  under  Un- 
burden of  explanation  they  had  taken  upon  themselves, 
and  so,  one  after  another,  they  were  turned  out  to 
pasture  as  lame  horses  no  longer  fit  to  be  ridden.  New 
theories  were  sought  in  their  place  and  ridden  as  far  as 
they  would  go.  Among  the  rest,  an  old  suggestion 
of  Tyndairs  was  saddled  up  and  mounted  with  little 
thought  of  the  outcome,  and  this  proved  to  be  the 
mount  that  was  to  carry  me  into  the  fens  and  fogs  of 
cosmogony. 

Tyndall  had  found,  in  the  course  of  his  physical 
researches,  that  carbon  dioxide  was  an  efficient  absorber 
of  heat,  and  so  he  had  entertained  the  suggestion  that  a 
deficiency  of  this  gas  in  the  atmosphere  might  be  the 
cause  of  the  low  temperatures  that  gave  rise  to  the  ice 
sheets.  The  suggestion  had  been  made  so  long  before 
my  day  that  it  had  been  well-nigh  forgotten.  The 
probabilities  seemed  all  against  its  tenability.  Tyndall 
had  neglected  to  point  out  any  natural  process  by  which 
such  a  former  deficiency  in  carbon  dioxide  could  have 
arisen,  and  had  thus  left  the  theory  without  a  working 
basis;  still,  as  a  physicist,  merely  throwing  out  a  sug- 
gestion incidental  to  the  main  line  of  his  study  he  had 
done  all  that  could  fairly  be  required  of  him.  The 
history  of  the  atmosphere,  as  then  currently  interpreted, 
looked  quite  the  other  way.  It  was  generally  held,  in 
accordance  with  Laplace's  beautiful  theory  of  the  origin 


INTRODUCTION 

of  the  solar  system,  that  the  earth  was  at  first  all 
all  atmosphere  as  Laplace  put  it — and  that  all  the 
carbon  later  locked  up  in  the  coals,  the  oils,  the  carbona- 
ceous shales,  the  limestones,  and  the  other  carbonates 
was  thru  free  gas  and  diffused  throughout  this  great 
globe  of  gas.  It  was  held  that  I.  it  IT,  when  cooling  had 
made  some  progress,  the  refractory  matter  that  was 
soon  t«>  i.>nn  the  rocks  gathered  into  a  white  hot  globe 
of  lava,  but  that  still  all  the  oxides  of  carbon  and  all 
the  water  remained  in  the  hot  atmosphere  and  gave  it 
enormous  extent  and  dm-ity.  It  was  reasoned  that 
later,  as  cooling  proceeded,  the  waters  must  have  been 
gathered  gradually  to  tin  earth,  but  that  the  carbon 
-till  iuT>i>ted  in  the  atmosphere  until  slowly. 
as  the  ages  went  on,  it  entered  into  union  with  the  rock 
crust  to  form  carbonates,  or  was  extracted  from 
air  by  plants  to  form  coals  and  other  carbonaceous 
deposits.  And  so,  each  earlier  age  was  thought  to  have 
lu-1.1  more  carbon  dioxide  in  its  atmosphere  than  the 

v  ceding  ones.    If  this  were  true,  it  seemed  idle  to 
go  backward  in  time  to  find  deficieiu-y  in  carbon  dioxide. 

Besides  this  infelicity,  there  seemed  to  be  in  this  very 
fact  of  a  great  decline  from  the  very  hot  to  the  cold  a 
basis  for  a  plausible  hypothesis  of  glaciation — the  simple, 
irul  trend  of  a  moribund  earth  toward  a  cold  senility. 
The  sun  was  growing  cooler  and  less  heat  came  to  the 
earth;  the  earth-body  was  growing  colder  and  was 
shrinking  and  cracking  and  drinking  in  the  water  on  its 
surface;  the  carbon  dioxide,  oxygen,  and  other  elements 
of  the  air  were  being  drawn  in  also  and  were  uniting 
with  the  rocks,  and  so  they  blanketed  the  earth  less  and 
less  effectually;  less  moisture  rose  into  this  thinned  cold 
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atmosphrrr  and  so  there  was  less  blanketing  by  vapor, 
and  even  when  it  rose,  the  vapor  was  more  promptly  con- 
densed to  cloud  or  floating  frost,  and  in  this  form  rut  oil 
and  reflected  away  the  sunlight.  So  it  was  said  that 
the  earth  was  cooling  off  and  drying  up,  that  glacier- 
and  deserts  were  increasing,  and  that  a  final  desicca- 
tion and  a  final  winter  were  coming  events  of  the  near 
geologic  future.  We  were  told  how  the  moon  had  lost 
its  seas  (behold  the  Mare!)  and  how  its  atmosphere 
had  been  absorbed;  and  then  the  moon  was  brought  into 
court  as  a  witness  to  the  impending  fate  of  the  earth. 
Our  recent  icy  stage  was  but  an  October  frost;  December 
was  yet  to  come.  Such  was  the  picture,  and,  granting 
the  cosmogonic  views  then  current,  such  was  the  lo^u  al 
drama  foreshadowed  by  the  earth's  great  deeline  from  a 
hot  beginning  toward  a  cold  end.  "The  final  winter," 
''the  universal  desert,"  "the  last  man,"  were  moving 
themes,  and  there  was  much  fine  writing — albeit  of  a 
gruesome  sort — by  those  who  delight  in  such  things. 

But  this  theory  of  a  simple  decline  from  a  fiery 
origin  to  a  frigid  end,  from  a  thick  blanket  of  warm  air  to 
a  thin  sheet  of  cold  nitrogen,  consonant  with  the  current 
cosmogony  as  it  was,  logical  under  the  premises  postu- 
lated, pessimistically  attractive  in  its  gruesome  forecast, 
already  in  possession  of  the  stage,  with  a  good  prospect 
of  holding  it — this  theory  of  a  stupendous  descen 
none  the  less  encountered  some  ugly  facts  as  inquiry 
went  on.  It  seemed  to  accord  well  enough  with  an 
ice  age,  if  the  ice  age  came  only  in  the  later  stages  of  the 
earth's  history,  but  it  was  ill  suited  to  explain  an  ice 
age  in  the  earlier  geologic  eras.  Unfortunately  for 
it,  there  began  to  appear  signs  of  ice  ages  far  back  in 
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time,  .mil.  Ittsidcs,  some  of  these  had  their  seats  mu<h 
nearer  the  equator  ami,  in  other  rc-|H-(  K  were  C\ 
stranger  than  the  latest  great  glaciation.  The  evidence 
of  these  earlier  and  stranger  glaciations  was  at  first 
quite  naturally  received  with  incredulity,  but  the  proof 
grew  steadily  stronger  with  e\<  •  test,  and  the 

range  of  the  evidence  was  found  wid.  r  and  clearer  as 
advanced.    While    all    this    should    have 
weakened,  and  did  weaken,  the  fundamental  concept 
of    great    warmth    and    a    rich    atm<>  in    the 

earlier  ages,  while  it  >muild  have  roused  skepticism  as  to 
:  the  cosmogony  on  which  it  was  based,  and 
perhaps  did  so,  still  the  old  thermal  mm  rpt  and  the 
old  cosmogony  continued  to  hamper  all  attempts  at  a 
radical  n  \  i-i.»n  of  glacial  theories.  The  old  ideas  served 
as  a  handicap  to  the  suggestion  of  Tyndall  perhaps 
more  than  most  other  attempts  at  an  explanation  of  an 
ice  age. 

JOB,  it  seemed  to  me  worth  while  to  inquire 
what  mi.uht  he  the  po— ihle  climatic  effects  of  secular 
variations  in  ti  he  atmosphere,  not 

merely  such  changes  in  the  carbon  dioxide  as  Tyndall 
had  suggested,  but  whatever  changes  had  taken  place 
in  any  of  the  constituents,  not  the  least  among  these 
tlu  :is  in  water-vapor,  the  factor  that  comes  and 

goes  with  a  peculiar  freedom  of  its  own.  Back  of 
thix  M-arch  for  variations,  it  was  of  course  important  to 
inquire  what  agencies  could  cause  such  variations. 

It  was  not  long  before  a  plausible  reason  for  variation 

in  carbon  dioxide  was  found.     In  a  study  of  the  deforma- 

t  lie  crust  of  the  earth,  attention  was  soon  centered 

on  the  evidence  that  stresses  had  arisen  within  the  body 
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of  the  earth  as  time  went  on  and  had  leathered  in  force 
SO  long  a>  tin-  cru>t  had  Invn  al>lr  to  withstand  tlu-in. 
but  that,  when  resistance  was  no  longer  possible,  tin 
crust  had  yielded,  and  had  become  crumpled  and  folded 
into  mountains,  or  bowed  up  into  great  swells,  or  warped 
up  into  plateaus.  There  was  naturally  much  riving. 
fissuring,  and  crushing  of  the  rock  in  the  course  of  these 
processes.  Back  of  these  there  seemed  also  to  be 
grander  movements  by  which  areas  of  continental 
magnitude  were  lifted,  while  areas  of  oceanic  extent 
were  depressed.  The  waters  were  thus  drawn  more 
deeply  into  the  great  basins  while  the  continents  stood 
more  boldly  forth.  In  these  various  ways,  wider  and 
fresher  contacts  of  the  air  with  the  rocks  arose  after 
each  of  these  episodes  of  readjustment  and  the  active 
constituents  of  the  air  entered  into  combination  with 
the  rocks  at  accelerated  rates. 

But  when  the  stresses  of  the  crust  had  been  eased  by 
these  episodes  of  warping,  folding,  and  faulting,  a  long 
epoch  of  crustal  quiet  ensued  awaiting  another  such 
growth  of  stresses  into  strength  enough  to  force  a  new 
episode  of  disruption.  During  such  long  epochs  of 
quiescence,  the  rugosities  of  the  surface  were  worn  down 
by  the  elements,  in  a  greater  or  less  measure,  and  the 
d6bris  was  carried  into  the  oceans  where  it  displaced  an 
equal  volume  of  water  and,  by  so  much,  lifted  tin- 
level.  So,  too,  all  this  time  the  sea  was  gnawing  steadily 
at  the  borders  of  the  land  and  creeping  out  upon  it.  In 
doing  this,  it  was  aided  by  the  lifting  of  the  breaker 
zone — its  cutting  edge — by  the  deposit  of  sediments  on  its 
bottom.  A  study  of  the  stratigraphic  record  showed 
that,  at  times,  a  third  or  a  half  of  the  continental  plat- 
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I  l.y  tin-  uw-rl.ippin-  oi  the  sea  and  the 

tiu-  air  up..n  the  rocks  was  thus  shut  off.    At 

the  same  time,  the  lands  that  were  not  thus  covered 

!>>  the  sea  had  been  brought  low.  in  some  large  measure, 

»*ion,  and  became  covered  by  a  deep  mantle  of  soil 

.  sidual  clay,  and  hence  suiTcred  a  notably  lessened 
i  the  actioi.  ir     Such  epochs  of  base 

leveling  were  therefore  clearly  times  of  very  slow  deple- 
tion of  theatmosphe 

0  then  was  a  natural  process  of  a  large  order 
1»\  \  ii  tu<  i  the  air  was  robbed  of  its  active  ele- 

ments in  one  set  of  stages  at  a  relativrly  i.i-t  r.itr.  while 
in  the  oil  i  stages  at  only  a  rel  IMU 

Tlie  cause  of  the  fa>t  art  inn  wa-  'i-cnnical  term 

may  be  pardoned,  diastrophisnr,   the  cause  of  the  slow 

i  was  planation.     Each  stage  occupied  a  long  time, 
but  the  periods  of  planation  were  much  longer  than  the 
•iles  of  diastrophi 

recognition  of  this  alternation  of  rapid  atmos- 
pherie  depletion  with  >low  atmospheric  depiction  gave 
a  pulsatory  aspect  to  the  atmospheric  hi-tory.  When. 
In  addition  to  thix  it  was ' recognize  1  that  the  earth 
through  it^  volcanoes  had  all  along  been  feeding  the 
atmosphere  as  well  as  feeding  uj  .nd  that  this 

feeding  was  also  pulsatory,  the  case  took  on  troublesome 
complications,  and  a  more  severe  scrutiny  of  the  >trati 
graphic  record,  and  of  the  relics  of  life  imbedded  in  it. 
became  imperative.     In  tlu-  course  of  thi>.  >till  further 
departim>    from    tlu-    ^enerali/atioiis    of    the    inherited 

came  to  Desiccation  products  were  found 

to  be  scarcely  less  abundant  and  characteristic  in  the 
early  strata  than  in  the  later,  and  no  steady  progress 
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from  humidity  to  aridity  seemed  to  mark  the 
of  time;  nor  were  tin  rr  found  any  conclusive  evidences 
of  even  an  oscillatory  progress  from  predominant  humid- 
ity to  predominant  aridity.  It  tin  reeord  favored  any 
generalization,  it  seemed  to  be  that  the  severest  and  n 
prevalent  period  of  aridity  fell  near  the  middle  of  the 
stratigraphic  record. 

When  the  testimony  of  life  was  similarly  rescrulini/ed, 
with  as  much  freedom  from  inherited  presumptions  as 
possible,  it  failed  to  show  clear  evidence  that  the  early 
atmosphere  was  in  any  essential  respect  different  from 
the  atmosphere  of  the  later  ages,  particularly  when  tin- 
units  of  comparison  embraced  an  adequate  lapse  of 
time  to  cover  the  cycles  of  variation.  Even  when  tin- 
inquiry  was  pushed  back  to  the  very  earliest  str 
that  carried  a  good  record  of  the  life  of  the  times,  not 
only  was  the  inherited  view  found  wanting  in  clear 
support,  but  adverse  evidence  accumulated  rather  than 
disappeared. 

When  the  inquiry  was  pressed  still  farther  back,  and 
support  for  the  postulate  of  a  molten  globe  was  sought 
in  the  crust  itself,  it  was  not  forthcoming.  With  strange 
perversity  the  supposed  granite  foundations  proved 
to  be  granitic  intrusions.  Thus  in  a  literal  sense  tin- 
very  foundations  of  the  old  view  proved  illusive. 

It  was  thus  that  the  trail  was  followed  back,  with  a 
weakening  faith  in  the  inherited  theory,  till  the  border- 
of  the  primitive  stage  were  reached.  But  one  further 
step  remained — to  examine  the  cosmogonic  postulates 
themselves.  Could  the  earth  ever  have  had  the  vast 
hot  atmosphere  postulated  ?  Was  the  earth's  gravity 
sufficient  to  hold  so  vast  and  vaporous  an  envelope  at 
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hi-i  .iturr>  and   in   MI»  h   an   intense  *UtC 

1  genesis  assigned  ? 

Was  the  gaseo-moltcn  genesis  a  rcali  us  I  was 

already  across  the  pass  that  leads  from  the  land  of  rocks 
into  the  realm  <>f  cosmogonic  bogs  and  fens.  Its  mM> 
were  already  gathering  over  the  path  ahead.  Strangely 
enouj:  -M  trail  .  inva>inn  ha<l  lol  by  this 

long  ami  devious  path  into  the  nebulous  iicld  of  genesis. 


CHAPTER  I 

IIII    (1  \SKOUS  THEORY  OF  EARTH-GENESIS  IN    llll 
LIGHT  OF  THK  KINETIC    I  H I  X)RY  OF  GASES 

THE  OLD  VIEW  OF  GASES 

At  the  time  Laplace  put  forth  his  hypothesis  of  tin- 
origin  of  the  solar  system,  the  true  nature  of  gases  was 
unknown.  Just  what  view  of  their  nature  was  held  by 
him  we  are  not  warranted  in  stating  with  confidence;  not 
unlikely  it  was  the  view  that  was  current  during  tin- 
early  half  of  the  last  century,  which  regarded  tin-  mole- 
cule as  the  nucleus  of  concentric  spheres  of  alternating 
attraction  and  repulsion.  At  appreciable  distances,  tin- 
outer  spheres  of  attraction  prevailed,  and  the  molecules 
were  drawn  together.  When  the  molecules  were 
forced  somewhat  closer  together,  the  spheres  of  repulsion 
came  into  play  and  there  was  resistance  to  compression 
and  a  tendency  to  expansion.  When,  hdwever,  the 
molecules  were  brought  into  extremely  close  relations 
by  cold  or  by  compression,  tin  inner  spheres  of  attraction 
were  brought  into  play,  and  the  molecules  came  Mill 
closer  together  to  form  liquids  and  solids.  If  such  a 
view  was  entertained  by  Laplace,  it  was  not  unnatural 
for  him  to  suppose  that  gases  might  gather  aboir 
planet  to  any  extent,  or  gather  about  bodies  much 
smaller  than  planets,  or  even  gather  together  without 
any  solid  nucleus  at  all.  And  so  the  gaseous  theory 
of  the  origin  of  the  earth  may  have  been  quite  con- 
sistent with  the  views  of  the  behavior  of  gases  current 

10 
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when  it  was  given  to  the  \vi»rlil.  however  much  it  may 
M.I  ..pen  i.. ,  mi  DO  a  new  point  of  view  aris- 

ing from  a  ne\\  thc..r\    >|  gases. 

While  tliis  defense  is  due  the  author  of  the  nebular 

hypothesis  and  his  earlier  followers,  it  i-  none  the  less 

fair  to  put  an  old  gaseous  the<>r\  of  earth  genesis  t 

test  of  a  new  t  he.  >ry  .  »f  gases.     The  Laplaeian  hypothesis 

•  •!  the  origin  of  the  earth  i>  eminently  a  gaseous  theory. 

.deed  t -nt  it  led  to  be  regarded  as  the  type  of  gaseous 

COSmogonic  theories.     It  has  the  merit  of  i >eing  specific 

and  systematic  beyond  most  of  its  class.     It  is  br« 

definitely  home  to  the  -|>ecial  case  of  the  earth.     V 

other  of   its  class  has  these  eminent    merits   in  equal 

degree.     It  will  therefore  be  treated  in  this  discussion 

as  the  represent  at  i\e  of  JN  class,  and  scant  space  will 

be  given  to  those  cruder  theories  that  are  not  clear  and 

specif r.  in  their  appliiation  to  the  origin  of  the  earth.  for 

rth  is  the  one  celestial  body  of  which  we  have  a 

ently  intimate  knowledge  to  make  it  susceptible 

1  •  -ry  use  as  a  heories  of  planetary  origin. 

rill     KIM  i ;.     \  n  W  OF  GASES 

ic  great  French  astronomer  and  mathematician 
framed  his  hy|>othesis — a  little  more  than  a  century  ago 
— much  has  been  learned  of  the  molecule  and  of  its  mode 

•ion.  especially  its  mode  of  assembling  to  form 
gases.  Much  mo  i  t  to  be  learned  no  doubt,  bat  a 
real  start  has  been  made  With  marvelous  skill,  physi 

have  begun  to  deal  with  .single  electrons  and  alpha 
particles  and  to  toy   with   >ingle   ions  and  atoms  of 
it\.     It    may  almost  be  said   that  a  personal 
diagnosis  of  a  molecule  i>  now  in  -  »rder;  as  also  a  detailed 
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-tory  of  it-  mode  of  joining  its  neighbors  in  assemblages 
1..  form  a  gas,  ami  of  its  behavior  toward  it-  neighb. 
for  a  molecule  is  not  a  gas  but  merely  one  of  many  ol 
kind   to  make  a  gas.     Gases  are  congregation-;     an 
atmosphere  is  a  great  congregation  drawn  together  by  a 
commanding  attraction. 

Now  it  is  quite  certain  that  a  molecule  is  not  a  little. 
round,  hard,  uncuttable  thing  surrounded  by  cone 
trie  layers  of  attraction  and  repulsion,  as  once  imagined, 
nor  is  it  even  a  group  of  little,  round  uncuttables  so 
surrounded.  It  cannot  be  piled  up  i ink- finitely  in  the 
easy  way  once  so  conveniently  taken  for  granted — unit  — 
there  is  an  adequate  commanding  force.  It  is  already 
known  that  the  molecule  is  a  very  active  little  body,  a 
fidgety  midget,  always  apparently  in  a  whirl  or  a  quiver. 
So  true  is  this  that  two  molecules  could  scarcely  be 
brought  together,  however  gently,  in  such  a  way  that 
they  would  rest  quietly  side  by  side.  The  whirl  or  the 
quiver  of  one  or  the  other,  or  of  both,  would  be  almost 
sure  to  send  them  apart  with  a  sharp  recoil  (unks-  there 
is  a  special  attraction  which  brings  on  chemical  union; 
but  this  lies  outside  the  present  problem) .  In  our  atmos- 
phere, the  gravity  of  the  earth  is  always  pulling  the 
molecules  together.  If,  in  the  course  of  their  collision- 
and  recoils,  a  start  toward  a  vacuum  is  made,  a  crowd 
of  molecules  from  all  sides  is  pulled  or  pushed  into  it  by 
gravity,  and  there  is  a  little  crush  and  a  new  set  of  recoil- 
springs  from  this.  In  some  such  ways  as  this,  it  come- 
about  that  the  molecules  of  an  atmosphere  are  perpetually 
living  to  and  fro,  colliding  and  rebounding,  and  these 
collisions  and  rebounds  follow  one  another  with  extraordi- 
nary frequency.  The  late  Clerk-Maxwell,  a  mathe- 
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matician  and  physicist  of  singular  Hi  of  insight, 

itol  tli.il   thr  nuinlnT  of  lollisjons  and  rebound- 

nnnly  t;ikc  place  in  the  air  about  u-.  under 

ordinary    i  ..ii.liii.iu-.    i-    Kvml    billions  per   second. 

Tin  K   greater  for  the  molecules  of  low 

ic    weights    than    for    those   of    higher    specific 

.mcl  the  speeds  <»i"  tin-  lighter  molecules  are 

i-ions  ami  ret  oils  also  increase  in  number  and 
vigor  with  HM-  of  u  :  re,     It  i>  to  our  purpose 

to  make  special  note  of  the  fact  that  1  1. 
molecules  in  their  recoils  increase  both  with  tin-  tempera- 
ture  and    with    tin-    lowness  of   their   specific   weights 

ulesare  liki-ly  to  1K-  swii't 


PLANETARY  CONTROL  OP  GASES 


Now  in  the  UIM-  in  which  we  are  specially  interested, 

the  gaseou>  envelope  of  a  planet  ,  the  assembling  p<> 

and  the  '  |M)wcr  —  is  the  gravity  of  the  planet. 

It  thus  becomes  a  vital  question  how  large  a  congrega- 

l  a  given  planet  can  draw  together 

and  how  well  it  can  hold  them.     The  chief  diffu  ulty  in 

ing  the  entire  assemblage,  for  any  length  of  time. 

lies  in  the  extreme  activity  of  the  molecules,  and  in  the 

icss  of  their  rebounds  as  they  spring  back  from 

collisions  with  one  another.     The  molecules  are  very 

:  they  are  not  perfectly  elastic,  as  commonly 

assumed,  they  are  immeasurably  near  it.     So,  when  they 

collide,  there  is  a  new  set  of  ve  and  the  nature  of 

the  new  set  depends  in  part  on  the  way  in  which  they 

strike  one  another  and  the  way  in  which  they  rebound, 

in  part  on  the  temperature,  and  in  part  on  other  features 
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of  tin-  particular  i  ue,  iiu  hiding  the  rotations  and  vii 
lions  that  happen  to  he  a!iV<  tin^  tin-  molecules.  So, 
also,  there  arises  a  new  set  of  directions  of  motion. 
and  this  also  depends  on  the  way  the  c<>lli>ion>  take  place 
and  on  the  other  factors  of  the  case.  The  collisions  are 
so  many  and  the  results  so  various  that  they  cannot  be 
dealt  with  individually  but  only  by  grand  averages  and 
by  the  laws  of  probability.  It  is  greatly  to  our  purpose, 
however,  to  know  that  some  molecules  gain  in  velocity, 
while  others  lose;  that  each  new  collision  almost  certainly 
raises  or  lowers  the  individual  speeds  of  the  molecules 
involved.  And  so  it  happens  that,  by  virtue  of  the 
chances  that  arise  in  a  great  series  of  collisions,  some  one 
molecule  may  be  given  higher  and  higher  speeds  in  suc- 
cession up  to  any  calculable  amount;  while  some  other 
molecule,  by  way  of  offset,  may  fall  lower  and  lower  in 
velocity  until  it  is  stopped  altogether.  In  such  a  case, 
of  course,  it  remains  still  only  until  it  is  hit  again  and 
off  in  a  new  series  of  experiences.  The  directions  which 
the  molecules  take  in  rebounding  are  various  to  an 
indefinite  degree  and  practically  cover  all  directions. 
These  perpetual  changes  of  speed  and  of  direction  affect 
all  the  molecules  drawn  into  an  atmosphere  about  a 
planet. 

As   already   remarked,   these    velocities    cannot   be 
dealt  with  individually  because  of  their  immense  numbers 
and  the  rapidity  of  their  changes;  but  Clerk-Maxwell. 
Boltzmann,  and  others  have  shown  that  the  partition  and 
distribution  of  energies  and  of  velocities  are  cxpn- 
by  the  law  of  probabilities,  a  law  which  holds  with  gi 
fidelity  when  prodigious  numbers  of  events  of  a  kind  are 
involved;    and  this  is  eminently  the  fact  in  this  case. 
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At  all  times.  .t.  »..nlin«  to  thi>  law.  t  he  speeds  of  certain 
projx  ;les  will  rise  al>o\e  the  mean 

(\    to  v;i\en   higher  and  higher  velocities  up 

Ily  infinite  sptvd  for  a  vanishing  mini! 
•i her  hand,  will  fall  lower  and  lower  down  to  zero 

speed. 

Now  this  i.  quiir  to  the  purpose  of  the  test  we  wish 

to  m..  :na\    Irani   Ir-'in   this  law   how  ».ftrn   a 

molecule  will  acquire  a  speed  sufficient  to  enable 
net  away  from  i  rol  of  the  pi  other 

condition-  art  irr  the  I.-.  :»abililie>, 

of  a  planet's  atmo>j  in  infinite 

time.  ae«j  i^h  enough  to  escape  in  spiu-  ,,f 

the  planet '>  gra\it\'.  it  nther  ionditinn>  «!«»  n«»t  f»revent.' 

uxt  therefore  look  well  to  these  other  i-ond:' 
for  nuuh  depends  upon  them. 

THE   ERRONEOUS    \i      1H1      :  FOCAL  VKLO 

I  let  u>  look,  fora  moment,  at  the  other  ^ide  of  the 
equation,  the  holding  power  of  the  planet.     If  it  were 
possible  for  the  planet  to  be  alone  in  space,  its  gr 
could  .e  the  i:  a  molei  ule  moving  away 

from  it  in  all  cases  in  whii  h  the  speed  of  the  m»> 
bless  than  the  velocity  it  would  acquire  if  it  fell  from  an 
intinit  HOC  to  the  planet,   free  from   interferences 

of  all   kind-.      If   the   nmlecule  has  thi  from 

intinit y."  or  a  higher  velocity,  it  will  go  out  to  intin 

:i  reality,  it  will  lontinue  logo  away  indeli- 
nitely  hut  slower  and  slower  1 -ecause  of  the  backward  pull 
of  the  planet's  gravity,  which,  however,  grows  feebler 
and  feebler  as  the  molecule  gets  farther  and  farther 
oil;  the  attraction  of  the  planet,  however,  will  never 
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overcome-  tin-  molecule's  lli^hl  entirely.  Tin-  limit  <>i  .1 
planet's  control  over  free  mnlcculc>  under  these  ideal 
conditions  is  then  this  " velocity  from  infinity." 

The  same  fact  may  be  put  in  another  way,  and  that 
gives  another  picture,  and  another  name.  If  a  molecule 
is  shot  out  from  the  earth  on  an  unobstructed  path  with 
a  velocity  such  that  the  path  becomes  an  ellipse,  tin- 
gravity  of  the  earth  will  hrin^  it  back;  but  if  it  i-  -hot 
out  with  a  velocity  such  that  its  path  becomes  a  parab- 
ola, it  will  not  return.  And  so  the  limit  of  the  plan< 
power  of  control  is  known  as  the  "parabolic  velocity." 
The  "parabolic  velocity"  is  the  same  as  "the  velocity 
from  infinity,"  in  the  case  of  any  planet.  A  still  higher 
velocity  gives  a  hyperbolic  path.  A  velocity  suffu -u -nt 
to  give  a  molecule  a  parabolic  path  or  a  hyperbolic  path 
is  beyond  the  planet's  control  even  when  the  plain  t  is 
quite  alone  in  space  and  there  are  no  other  planets,  or 
suns,  or  other  bodies,  to  help  it  escape  by  attraction 
counter  to  that  of  the  planet.* 

For  the  surface  of  the  earth  the  "parabolic  velocity," 
or  "velocity  from  infinity,"  is  about  11.2  kilomet< 
or  6.9  miles,  per  second.    It  follows  that  if  a  molecule 
acquires  a  velocity  of  this  magnitude,  and  is  directed 
away  from  the  earth,  and  has  a  free  path,  it  will  escape 

*A  misleading  impression  has  gained  some  currency  from  a  lack  of 
precision  of  statement  in  certain  treatises.    In  military  science,  i 
customary  to  compute  the  flight  of  projectiles  as  though  their  ; 
were  parabolas.    This  is  a  convenient  approximation,  hut  is  not  rigor- 
ously accurate,  though  often  quoted  as  though  it  stood  for  the  strict 
law  of  all  such  projectiles.    When  men  go  out  to  shoot  at  one  another, 
convenience  in  computation  may  be  indulged  and  some  latitude;  in  lan- 
guage is  quite  sure  to  come  into  use,  but  it  is  not  proi>cr  to  transfer 
cither  the  indulgence,  the  language,  or  the  purposes  they  serve,  to  the 
celestial  realm. 
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i   the  earth's  control.     It   would  do  so  even  if  the 
earth  were  quite  alone  in  space  and  there  were  i. 
bodies  trying  to  pull  th  ilc  away.    This  \ 

has  commonly  been  taken  as  the  * \  ritical  vclo« 
escape-— "critical"    because  it  was  thought   that   all 
<-s  below  this  could  be  controlled  by  the  earth, 

while  all  above  it  could  not  be.     But  t:  n  needs 

rectificat  1  or  the  imaginary  case  of  a  planet  com- 

pletely isolated  in  space,  it  holds  good.    But  no  pla 

•ed  in  space;  it  could  not  be  so  isolated  and  be  a 
planet.     There  must  be  a  sun  where  there  is  a  pla: 
an<l  -y. stein  there  is  a  family  of  planets  and  satel- 

lites.    \  i  molecule  is  shot  away  from  the  earth 

ml  Jupiter,   that   ijiaiit  planet  pulls  the  mold 
ml  it.  while  the  earth  pulls  the  molecule  backward. 
The  degree  of  inil  It   by  the  mol,  the 

erence  between  the  pull  of  the  earth,  near  at  ha 
and  the  pull  of  Jupiter,  far  oil.     The  Jovian  effect,  how- 
r,  because  of  distance,  is  minute  and  ne^li^ihle.     But 
when  the  ^reat   at  trait  ion  of  the  sun  is  brought   i 
with  that  of  the  earth,  as  it  necessarily  i 
all  tiim  ase  takes  on  a  new  aspect      It  i-  dear, 

D  to  the  layman,  that  a  molecule  can  go  no  great 

of  the  distance  to  the  sun  before  the  at  t  rat ; 
of  that  great  body  on  it  will  be  superior  to  that  of  t  he- 
earth.  As  a  matter  of  fact,  there  is  only  a  comparatively 
small  space  about  our  planet  within  win.  h  it>  gravity 
•  rentially  greater  than  that  of  the  sun.  for 
the  sun  rules  the  whole  space  of  the  solar  system  in  a 
lordly  way.  There  is  merely  reserved  a  small  spheroid 
about  each  of  the  planets  that  is  under  their  own  con- 
trol primarily ;  even  over  thi>  the  sun  holds  indirect  sway 
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by  reason  of  its  control  o\vr  tlu-  planet  >  themselves. 
The  -pace  about  the  earth  within  which  its  gravity  is 
sufficient  to  draw  a  body  to  it  against  tin-  direct  atti 
tion  of  the  sun  is  its  "sphere  of  influence/'  or.  in  terms 
better  -uited  to  our  purposes,  its  "sphere  of  control. " 
If  a  molecule  is  placed  outside  this  space,  with  only  tin 
common  motion  of  the  solar  system,  it  will  be  directly 
controlled  by  the  sun;  if  within  this  space,  it  will  be 
directly  controlled  by  the  earth. 

This  "sphere  of  control"  is  not  a  true  sphere,  but 
rather  a  spheroid  of  three  unequal  axes.  The  minimum 
radius,  according  to  Dr.  F.  R.  Moulton,  is  about 
1,000,000  kilometers,  or  620,000  miles;  the  maximum 
radius,  about  1,500,000  kilometers,  or  930,0x30  miles. 
The  dimensions  vary  as  the  earth  approaches  or  recedes 
from  the  sun,  but  this  is  immaterial  to  our  purpose 
except  as  showing  that  the  earth's  sphere  of  control 
is  not  a  fixed  feature;  it  is  rather  a  creature  of 
circumstances. 

Now,  the  true  "critical  velocity"  of  escape  is  the 
velocity  acquired  by  a  fall,  not  from  an  infinite  distance, 
but  from  this  limit  of  the  sphere  of  control,  about  1,000,- 
ooo  kilometers,  or  at  most,  1,500,000  kilometers  from 
the  center  of  the  earth.  The  difference  between  a  fall 
from  infinity  and  a  fall  from  1,000,000  kilometers  seem- 
something  enormous,  but  the  difference  in  the  veloc  it  it- 
acquired  is  by  no  means  so  serious  as  it  might  seem,  for 
by  far  the  larger  part  of  the  velocity  of  a  body  falling 
toward  the  earth  is  gained  in  the  lower  portion  of  the 
fall.  In  numerical  value  the  rectification  required 
is  more  nearly  like  that  of  replacing  a  meter  measure  by 
a  yardstick.  But  the  rectification,  though  not  large 
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ll-.  u.il  in  iiii|...ri.in.  .    as  we  shall  see 

•r  it  aii  cits  tlu-  in.  nit-  of  escape  >  as 

well  a^  the  \eloi  it\  .•!  en  ape. 

THE  ULTRA  -ATMOSPHERES 

HUM  now  go  al>  :!u-  whole  issue  lies  there, 

the  modes  of  escape  and  all.  It  is  of  little  moment  how 
great  a  veUity  a  molecule  may  acquire  in  the  1<> 

it  acquires  it;  it  cannot  escape,  for  it  i- 
close  1\  -u  rr.  ui  m  led  on  all  sides  by  an  atmosphere  that 
acts  as  a  barrier.  It  can  only  plunge  into  the  multitude 

u.let  ule>  that  crowd  about  it,  and  in  so  doing  cli 
pat<  rgy  and  damp  its  vcloi  it\  .     It  i>  only  in  tru- 

ly thin  air  of  the  higher  regions  that  a  molecule 
can  find  a  dear  path  by  which  to  escape.  Let  us  then 
go  aloft  and  see,  as  well  as  we  may.  the  state  of  things 
there;  let  us  go  up  by  steps,  not  only  to  the  heights 

:.illy  set  as  the  limits  of  the  atmosphere,  but  all  the 
way  up  to  the  limit  of  the  sphere  of  control. 

In  the  lower  levels,  the  pathsof  the  molecules  between 
collisions  are  extremely  -  -1  hence  straight.  for  the 

gravity  of  the  earth  can  bend  their  paths  in  only  an 
in  i.  1  way  in  the  small  fraction  of  a  second 

occupied  in  their  flights.  But  higher  up.  where  the 
molecules  are  sparser,  the  paths  between  collisions 
become  longer  and  slight  curvatures  begin  to  appear. 

Still  farther  up,  where  the  molecules  are  widely 
scattered,  the  curvatures  grow  more  pronounced.  When 
the  Mat  tired  condition  becomes  Still  greater,  the  ear: 
gravity  may  Mop  the  outward  flight  of  some  molecules 
that  have  rebounded  outward  before  a  collision  takes 
place,  and  this  gravity  may  cause  them  to  turn  back 
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on  elliptical  runes  toward  tin-  earth.  When,  with 
Mill  furt IHT  ascent,  tin-  air  sjrow-  attenuated  enough, 
these  outward  lights  and  returns  without  collision 
come  to  be  the  dominant  feature. 

THE  KRENAL  ATMOSPHERE 

Thus  far  in  the  ascent,  we  have  followed  mainly  in 
the  footsteps  of  Dr.  Johnstone  Stoney,2  the  pioneer  in 
this  field,  save  that  he  did  not  recognize  the  sphere  of 
control  and  the  qualifications  which  it  imposes.  By 
an  analysis  of  the  case  he  saw  that  this  "fountain-like" 
action  must  become  the  prevalent  one  when  a  sufiieient 
degree  of  atmospheric  rarity  is  reached,  and  directed 
attention  to  the  fountain-like  character  which  must 
thus  be  assumed  by  the  outer  atmosphere.  As  we  may 
find  the  term  "fountain-like"  cumbersome  i<>r  tin- 
frequent  use  we  shall  want  to  make  of  it,  perhaps  we  may 
use  krenal  in  its  stead,  for  this  means  the  same.  It 
will  serve  our  convenience  to  distinguish  this  upper 
region  as  the  krenal  zone,  and  the  lower  region  as  the 
collisional  zone,  since  the  latter  is  collisional  in  a  singu- 
larly intense  degree. 

In  the  picture  of  the  atmosphere  delineated  by 
Stoney,  the  zone  of  fountain-like  or  krenal  loops  served 
as  the  outer  atmospheric  border.  The  picture  is  not 
without  its  beauty,  the  whole  summit  of  the  atmosphere 
a  mass  of  vaulting  molecules,  de.-eribing  loops  of  multi- 
tudinous forms  and  dimensions  set  in  all  possible  direc- 
tions. 

Under  the  law  of  probabilities  applied  to  molecular 
velocities,  some  of  these  vaults  must  reach  the  limit 
of  the  sphere  of  control,  some  must  go  beyond,  but 
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lititu.lr  MUM  lull  xhort  in  v.mi.us  degim. 
Those  molecules  th.it  leap  beyond  tin-  limit  of  the 
earth's  control  enter  the  >un's  sphere  of  luiitml.  where 
.  i  bout  the  >un  and  are  lost  to  the 
earths  atmosphere.  This  i»  tin-  first  and  simplest  mode 
of  escape,  the  single  leap,  the  only  mode  commonly 
recognize*  I  in  the  past,  but  in  reality  not  tin-  only  mode. 

krenal  .  turedas 

reachi  tin-  collisional  atmosphere  outward  to 

thr  limit  of  tlu-  sphere  of  control.     The  molecul 
this  zone  are  highly  <li^i>ersed  in  its  lower  parts  and 

>re  and  more  scattered  toward  the  outer 
limit.     It  i>  wise  to  emphasize  the  extrt-nu-ly  Kmtl 

of  tlu-  kn-nal  molecules,  especially  in  thr  outer- 
most zone,  luit  it  i>  a:  their  existence  or 

importance.    Because    the    krrnal    atmosphere    is   so 
imuh  more  ;r  tl  than  the  lower  atmosphr 

will  be  consiTvatixc  to  call  it  an  ultra-atmosphere. 

TIIK   OKHITAL  ATMOSPHERE 

But  we  may,  however,  not  complete  our  picture  of 
the  atmosphere,  as  Dr  >n-ms  to  h.-  with 

a  beautiful  mantle  of  krenal  loops  enveloping  tlu-  «  ..Hi 
sional  atmosplu-n-.  Tlu-  vaulting  molecules  are  liable 
to  collision  at  any  (x>int  in  the  course  of  these  krenal 
loops,  and.  un<U-r  the  law  of  probabilities,  such  collisions 
are  quite  sure  to  occur.  The  rebounding  molecule- 
may  strike  in  any  direction,  as  in  other  cases  of  collision, 
and  there  may  be  all  the  varieties  of  partitions  of 
energy  and  of  redistributions  of  motion  that  take 
brtween  colliding  molecule>  in  other  caso  I* 
follows  that  a  certain  percentage  of  the  rebounding 
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molecules  will  move  more  or  K-»  parallel  to  tin-  earth's 
surfaee.  and  a  Certain  proportion  of  them  will,  under  tin- 
laws  of  partition  of  motion,  have  velocities  hi.^h  enough 
to  carry  them  into  orbits  about  the  earth.  Jn  p 
portion  as  the  new  courses  approach  parallelism  to  tin- 
earth's  surface,  the  molecules  will  escape  tin-  dci 
atmosphere,  and  will  continue  to  circle  about  the  earth 
indefinitely,  except  that  sooner  or  later  they  are  likely 
to  meet  some  molecule  of  their  own  class  in  an  orbit  that 
happens  to  cross  their  own,  or  some  vaulting  molecule 
in  the  course  of  its  krenal  flight.  But  for  these  con- 
tingencies, they  would  have  reached  a  condition  of 
stable  motion,  since  orbits  are  admirable  types  of 
stability  and  perpetuity.  It  is  a  really  curious  transi- 
tion for  a  molecule  to  pass  by  a  series  of  gradations  from 
such  an  extremely  jostled  state  as  prevails  in  the  lower 
atmosphere,  where  it  was  suffering  several  billion 
diversions  or  reversals  of  motion  per  second,  into  a  steady 
orbital  motion  in  which  it  follows  an  orderly  curving 
path  for  an  indefinite  period.  These  orbital  molecules 
thus  form  a  quite  marked  class,  and  constitute  a  third 
element  of  the  earth's  atmosphere,  an  additional  ultra- 
atmosphere — the  orbital  atmosphere. 

To  unify  the  new  picture,  let  us  reflect  that  on  logical 
analysis  it  appears  clear  that  atmospheric  molecules  are 
actuated  by  three  quite  distinct  modes  of  action,  though 
derivable  the  one  from  the  other — the  collisional.  the 
krenal,  and  the  orbital.  Designating  the  molecules  of 
each  class  as  an  atmosphere,  they  constitute  (i)  the  com- 
mon or  collisional  atmosphere,  (2)  the  krenal  atmosphere 
or  ultra-atmosphere,  and  (3)  the  orbital  atmosphere  or 
u  1 1  ra-a  tmosphere. 
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paths  '  .!•  -   lit-     ••:«:-.    in  the 

outer  portion  of  tin-  q  ,  annot  be 

perpetuated  (N  a  the  colltsional  zone 

because  oi  tl  other  molecules,  nor  can 

I  i  Mill-  t>c  maintained  for  any  appreciable  length 

of  time  in  the  denser  part  of  the  krenal  zone,  for  lack 

•fluently  long  free  paths.    They  can  persist  only 

in  tin  mated  j.  i  the  krenal  zone 

ies  of  collision  are  re!  -mall. 

in  orbital  lights  ami  in  krenal  lights  thus 

cross  and  rccross,  in  their  very  open  fashion,  a  common 

area,  the  outer  part  of  the  sphere  of  control,  which 

neither,  nor  both,  can  be  said  to  fill,  but  only  sparsely 

to  traverse.     In  i  mon  area  these  two  kinds  of 

flights  cross  one  another,   the  krenal  directed  chiefly 

.ni  ami  inward,  the  orbital  more  or  less  laterally 

and  curvingly.    The  law  of  probabilities  implies  that 

number  of  collision-,  will  take  place  between 

tulting  molecules  and  the  orbital  molecules.    So, 

too,  since  the  orbital  molecules  circle  round  the  earth  in 

varioi.  in  orbits  of  various  dimensions  and 

configurations,  though  all  el  it  follows  that  a 

n  proportion  of  these  will  also  collide  with  one 

•not! 

THE  PROGRESSIONAL  MODE  OF  ESCAPE 

.  when  MU  h  collisions  take  place,  the  mol 
orbits   may   tit  her  be  driven  earthward   into  smaller 
orbits     which  may  not  unlikely  strike  into  the  collisional 
atmosphere    or  eUr  be  driven  outward  into  larger  or! >its. 
One  or  another  of  these  results  is  almost  certain  to  follow 

•llision  that  may  happen  to  molecules  in  the  course 
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of  their  orbital  flights,  whether  they  encounter  one  of 
their  own  class  or  a  molecule  in  krcnal  flight.     Thus  it 
appears  that   kmial  molecules,  as  an  incident   <>f  their 
vaulting   tlights,   may  not  only  drive  molecules  into 
orbital  tlights,  but  may  change  the>e  High  is  into  lar 
or  smaller  orbits,  and,  under  the  law  of  probahihT 
will  inevitably  do  both  the>e  thing-  in  a  certain  per 
centage  of  cases.     Now,  it  is  obvious  that  in  the  com  M- 
of  such  changes  of  orbit,  the  limit  of  the  >j  >hcre  of  cont  i  <  >1 
will  be  passed  in  a  certain  percentage  of  cases,  and  the 
molecule  will  escape  from  the  ultra-atmosphere. 

Here  then  is  a  second  mode  of  molecular  escape, — escape 
by  a  series  of  orbital  changes.  In  the  single  mode  of 
escape  heretofore  commonly  recognized,  the  molecule- 
must  vault  by  single  leaps  from  points  in  the  collisional 
atmosphere  into  space  beyond  the  limit  of  control.  They 
must  then  have  at  least  the  "  critical  velocity."  In  the 
mode  of  escape  just  set  forth,  the  molecules  pass  from 
the  collisional  atmosphere  outward  step  by  step.  The 
accession  of  velocity  at  any  one  time  need  be  little  more 
than  what  is  requisite  to  give  the  molecules  revolutionary 
courses  about  the  earth. 

For  a  circular  orbit  the  velocity  of  revolution  is  to  the 
parabolic  velocity  as  i :  i  2,  or  i :  i .  4+.  The  velocity 
necessary  for  escape  is  notably  less  than  the  parabolic 
velocity  as  already  pointed  out. 

The  recognition  of  this  second  mode  of  escape  makes 
necessary  a  second  rather  large  correction  in  conclu- 
sions adverse  to  atmospheric  escape  that,  in  spite  of  the 
fact  that  they  were  based  on  the  erroneous*  assumption 
that  the  parabolic  velocity  is  the  critical  velocity  and 
that  escape  takes  place  only  by  single  leaps  from  the 
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imagined  surface  of  the  collisional  atmosphere,  have  had 
i  urn  t!  I  scape  by  the  progressive  orbital  method 
does  not  require  more  than  .if. ..ut  live-sevenths  of  the 
velocity  rc<|u  escape  by  a  sjn-i,-  leap,  and  that 

may  be  acquired  by  instalments  without  necessary 
loss  <  'lin^  iiurcn  I  here  may  be  many 

steps  in  (MTV  escape;  and  indeed  there  may  be  many 
backward  n-K-.l  \\ith  i  So,  too, 

that  elapses  between  the  successive  steps  may 
IK-  long  or  >!  Mleiiniti?  degrees,  for  the  interval 

depends  merely  on  the  contingency  of  the  next  col- 

which  i^  indeterminate.     A  molecule  pursuing  an 

orhit  continues  its  revolutions  indefinitely  until  a  collision 

arises  to  make  it  do  otherwise.     It  follows  that  the  total 

taken  i:.  ng  an  escape  is  indeterminate,  and 

may  be  long.    This  gives  a  distinctly  new  aspect  to  the 

problem  of  molecular  escape  from  the  atmosphere. 

ATMOSPHEK  KCHANGES  AND   EQUILIBRIA 

Hut  we  are  not  quite  at  the  end  of  the  logical  chain 

When  molecule^  pur>uing  orbital  courses  about 

trth  are  forced  across  the  limit  of  control  into 

orliit.il  lourses  about  the  >un.  they  HUM  return  to  the 

of  their  last  collisions,  in  the  natural  course  of 

.   ii  they  do  not  suffer  interferences  or  diver 

kin.l  or  another  in  the  meantime.      The>e  jx>intsof 

llision  were  within  the  sphere  of  the  earth's  con trol 

So  these  moli-rules.  in  their  new  solar  orbits,  will  come 

back  into  or  cut  across  the  earth's  sphere  of  control. 

are  thus  definite  possibilities  that  some  of  these 

returning    molecules    of    the    earth's    atmosphere    will 

encounter  molecules  of  the  earth's  atmosphere  and  that 
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«»lli>ion  will  be  such  as  to  force  them  a^ain  into 
orbits  under  tin-  control  of  tin-  earth  or  into  COUTSefl 
that  will  plunge  them  into  the  denser  atmosphere  about 
the  earth.  Here  i>  a  definite  method  of  recovery  of 
escaped  molecule-  after  they  have  become  memb. 
tin-  sun's  ultra-atmosphere. 

In  like  manner,  molecules  that  revolve  about  tin-  MID 
as  members  of  its  ultra-atmosphere,  even  though  they 
were  never  previously  member-  of  tin-  earth's  atmos- 
phere, may  cut  through  the  earth's  sphere  of  control 
and  thus  be  liable  to  a  collision  with  an  atmospheric 
molecule  and  as  a  result  be  incorporated  in  the  earth's 
atmosphere.  The  same  logic  and  the  same  laws  that  we 
have  found  applicable  to  the  atmosphere  of  the  earth 
are  applicable  also  to  the  atmosphere  of  the  sun.  Ii 
must  have  its  krenal  ultra-atmosphere  and  its  orbital 
ultra-atmosphere.  These  ultra-atmospheres  of  the  sun 
are  required  by  the  logic  of  the  case  to  reach  out  not  only 
to  the  earth,  but  to  the  limits  of  the  sun's  spru 
control.  This  lies  very  far  outside  the  outermost  plaint. 
There  is  thus  not  only  a  threefold  phase  of  the  solar 
atmosphere,  as  well  as  of  the  planetary  atmospheres,  but 
the  krenal  and  the  orbital  phases  of  the  solar  atmosphere 
envelop  the  atmospheres  of  all  the  planets. 

It  thus  appears  that  passages  of  molecules  from  the 
sphere  of  control  of  the  sun  into  the  sphere  of  control  of 
the  earth,  and  the  reverse,  are  inevitable  consequences 
of  the  kinetic  theory  of  gases,  unless  there  be  agencies 
that  contravene  to  prevent  the  logical  consequences  of 
kinetic  laws. 

It   is  important  to  observe  further  that  such  inter 
changes  of  molecules  tend  to  establish  an  equilibrium 
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between   the  ultra-atmospheres  of  the  earth  aiul   the 

ultra  atmospheres  of  the  sun.  .e  ni  1 1 ii-se  atmos- 

pheres becomes  more  plethori.  i.int  with 

its  relati-  .e  other,  it  will  iiu-vitahly  feed  more 

into  the  leaner  at  in-  Man  tin-  latter  will 

return  to  it.     In  this,  thm.  there  is  a  reciprocal  process 
that  tends  to  equate  the  loss  and  gain  between  the 

planetary     ultra  atmospheres     and      the      solar      ultra 
atmospheres.     This  rei  ip:  :nl  the  main- 

tenai  'e  condition  in  both. 

SUPPLEMENTARY  AGENCIES 

\\  have  now  followed  far  enough  for  our  purposes  the 
intricate  >\  -tein  of  ai  lions  and  reactions  that  take  place 
in  the  atmospheres  of  the  solar  n.  We  have 

lercd  tin  in.  however,  wholly  apart  from  inci- 
dental or  co-operative  agencies,  though  we  have  referred 
to  the  possibility  of  contravening  agencies. 

re  probably  no  stru  tly  contr 

but  among  the  other  agencies  that  act  on  the  atmosphere 
are  some  that  interfere  with  or  ]  the  syste- 

f  the  ultra-atmospheres  we  have 
onsidered.    One  of  these,  to  which  passing  at  ten 
•Must  be  given,  i^  the  pressure  of  liijht.     As  in  the 
case  <  y  discovered  agencies,  there  is  a  current 

ncy  to  call  on  li.uht -pressure  rvioei  it 

•     to    perform.      It    :  .  ver.    probably    a 

in  the  feeding  and  depletion  of  planetary  atmos- 
pheres.     It    is   probably   not    a   very   competent    factor, 
the  diameters  of  molecules  are  too  small  to  permit 
the  wave  t   light  to  act  upon  them  efficiently 

:haps  in  case  of  selective  absorption.     In  so 
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far  as  light  is  absorbed  by  the  mok-c  uK •>.  the 
energy  of  tin-  li.^ht   is  iVlt.  and  to  that  extent  the 
cules  are  driven  in  the  direction  of  light-propagation. 

The   diminution   of  light  with    distanee   follows   the 
same  law  as  the  distribution  of  gravitation.     Then 
various  ways  in  which   li.^ht   is  lost  as  it  progresses, 
while  gravity  is  not  known  to  suffer  loss.     It  follows 
that  the  power  of  light-pressure  compared  with  gravity 
is  greatest  near  the  luminous  body  from  which  it  origi- 
nates.    Its   dispersive  power  must  be  greatest   there. 
and  so  the  very  fact  that  the  sun  and  the  stars  hold  their 
gases  and  apparently  have  held  them  for  eons  in  >pitc 
of  the  light-pressure  seems  to  imply   that   the   latter 
/I        can  be  at  best  only  a  limited  agency  of  dispersion. 
»       There  seems  no  ground,  therefore,  to  treat  it  as  more 
\  V    tnan  a  co-operating  agency  in  atmospheric  feeding  and 

dispersion. 

w  ^p  So  far  as  it  is  potent  at  all,  its  first  function  should 
be  the  dispersion  of  the  outer  atmosphere  of  the  sun. 
It  should  aid  in  counteracting  the  gravity  of  the  >un  and 
hence  in  facilitating  the  development  of  vaulting  and 
orbital  paths,  and  the  enlargement  of  the  orbital  paths 
as  a  part  of  its  systematic  work  in  causing  molecules  to 
move  out  from  the  sun.  In  the  course  of  these  outward 
movements  the  earth  should  be  encountered  and  some 
of  the  solar  molecules  should  be  captured  by  it.  Such 
action  would  constitute  a  systematic  feeding  of  tin- 
earth's  atmosphere  at  the  expense  of  the  sun's  atmos- 
phere. 

( )n  the  other  hand,  the  light  of  the  sun  traversing  the 
sphere  of  the  earth's  control  transversely  should  tend 
to  drive  away  some  of  the  molecules  of  the  ultra- 
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s  "I  th.  «  .nth   md  tin    bam   i  A  pi  tfei| 

MO    the   ..nth      atmosphen       \\      may   assume 
for    present    purjx>ses    that    thr    feeding  ami   depleting 

Completely,  though, 

theoreticall)  .  the  probabilities  of  gain  seem  to  lie 
somewhat  with  thr  e.irth.  a  dark  body,  as  against  the 
MIII.  a  brilliantly  luminous  body. 

It    is   highly   probable   that    electric    action   plays  an 

important  part  in  the  distribution  of  molecules  in  the 

rare  outer  /ones  <>t  the  atmospheres  of  the  sun  and  its 

plam-i  ;UT  definite  him  \\  elTects  may  be 

gathered   from  auroral  phenomena,  el-  '»rms,  the 

behavior  of  the  trains  of  meteorites  between  forty-five 

miles  above  the  surface,  the  ioni/ing  effects 

of  ult  :    light.   and   other  phenomena,   but  data 

-•undent   treatment   are  a-  yet   wanting. 

a  single  suggestion  of  suih  vital 
the    organic    fu:  -ubserved    by    the 

phere  that  I  its  nature 

be  j  u  -titled  in  this 

There  is  reason  to  believe  that  the  \iolent  explosions 
of   the  sun   that  givt-  -uptixe   prominences" 

often  fone  molei'iiles  far  out  into  interplanetary  space 
and  that  the  r  -f  the  promii. 

in  partii  ular.  and  of  the  earth  have  a  selective  effect  on 
charged  molecules.  According  to  the  recent  brilliant 
determinations  <.i  ii  nd  his  colleagues  .  the  surface 

charge  of  the  sun  is  dominuntly  negative,  while  in  con- 
'ii  with   the  >un-s|Hits.   to  which   the  prominences 
are  related,  there  are  great  I  gases  bearing 

negative  charges.     On  tin-  other  hand,  according 
to  rc<  the  atmosphere  of  the  earth  is 
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dominantly  po-itive.  while  the  earth  -body  is  dominantly 
negative.  These  SUg^ot  that  electric  differentiations 
obtain  in  the  solar  system  with  perhaps  alternate 
arrangements  of  the  eleetric  charges.  However  tin's  may 
be,  these  charged  tracts  of  the  sun  and  of  the  earth  form 
a  suggestive  working  combination.  The  sun's  negative 
charge  must  tend  to  draw  to  itself  molecules  carrying 
positive  charges  and  tend  to  repel  molecules  carrying 
negative  charges.  The  positive  charge  of  the'  earth's 
atmosphere,  on  the  contrary,  tends  to  draw  to  it  mole- 
cules of  negative  charge  and  repel  those  of  positive 
charge.  It  is  well  known  that  under  the  ordinary 
conditions  of  electrolysis  a  composite  molecule  in  suffer- 
ing dissociation  yields  a  positive  charge  to  one  class  of 
elements  and  negative  charge  to  another  da--  and  that 
the  atmospheric  constituents  belong  with  the  latter 
rather  than  the  former,  oxygen  in  particular  taking  tin- 
negative  charge.  The  experimental  evidence,  unfor- 
tunately, is  very  limited  in  cases  where  the  dissociation 
takes  place  in  other  than  aqueous  solutions,  particularly 
in  cases  analogous  to  that  in  hand.  However,  J.  J. 
Thomson  found  in  certain  experiments  that  oxygen  took 
up  free  electrons  while  in  the  course  of  projection.  There 
is  also  some  additional  support  for  the  assumption  that, 
by  means  of  the  electric  dissociation  which  doubtless 
attends  the  solar  eruptions,  oxygen  and  perhaps  other 
atmospheric  constituents  receive  negative  charges. 
If  so,  they  suffer  electric,  as  well  as  mechanical,  pro- 
pulsion from  the  sun.  Such  elements  as  may  receive 
positive  charges  are  drawn  back  to  the  sun.  The  con- 
stitution of  the  atmosphere  of  the  sun  and  st 
to  be  fairly  in  harmony  with  the  suggestion  of  a  positive 
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ic  segregation.  whiU-  the  n.it  ic  atmosphere 

*  earth  suggests  a  negative  segrcgati 
re  arc  several  other  sources   from   which   high 

*  ities  might  arise-  in  the  miter  atmosphere, 

example,  the  piling  •  and  the  carrying 

•  »f  minute  radioactive  partiiles.  hut  their  quanti- 

tat i \  e  \  a '  o  questionable  to  require  consideration 

•me  of  these  undetermined  factor 
promoting  the  escape  or  the  accession  of  molecules  is 
onl\  •  al  at  present,  but  it  seems  unsafe  to  ignore 

them.    No  comp:.-  -elative  to  the  rate  of  escape 

of  the  earth's  atmosphere,  however  accurate  in  its 
matlu  inatit  al  processes,  has  any  claim  to  serious  weight 
ii  it  ddei  'i;ni/.c  all  the  factors.  It  seems  espe- 

cially antrustworthy  if  it  does  not  give  full  con 
to  the  ultra -atmospheres  of  the  earth  and  of  the  >un. 
and  to  their  interplay.     To  include  all  these  certainly 
i>e  intricate  in  the  extreme.     The  uncer- 
tainty as  to   tin  of   the  several  co-opera tivr 
especial    embarrassment    to    all    efforts 
•mputative    line-        i:<      .•  v.irali-t    endeavors 
•i-umvent    the    intricai'ies   of    these   complications 
in  which  nature  herself,  having 
!ly  made  the  lorrelation.   records  her  composite 

equated  result. 

the  powi  r  to  ac(|iiire  and  retain  atmos- 
pheres, the  bodies  that  attend  the  sun  give  a  fairly 
dear  answer,  as  Stoney  has  urged;  the  great  planets 
have  grc..  the  terrestrial  planets  have 

small  -heres.   the  planetoids  and   satellites  little 

or  noiu-  at  all.     Jupiter  has  undoubtedly   many   times 
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more  atmosphere  than  all  the  terrestrial  planets,  phmrt 
oids  and  satellites  combined.  Among  the  terrestrial 
planets  the  atmospheres  seem  to  be  graded  strictly  in  tin- 
order  of  masses,  and  somewhat  nearly  in  proportion  to 
mass  when  modified  for  distance,  and  temperature. 
The  law  of  Stoney  that  atmosphere-  are  apportioned 
to  masses  has  strong  naturalistic  support.  Measurably 
so  has  the  philosophy  of  interchange  to  which  we  a»iizn 
the  maintenance  of  such  atmospheres.  So  far  as  t In- 
special  features  of  maintenance  are  concerned  the  natu- 
ralistic record  of  composite  results  appears  in  a  long  line 
of  phenomena,  partially  astronomical,  partly  biological, 
more  largely  geological,  to  which  some  allusion  has 
been  made  in  the  Introduction.  The  analysis  and 
interpretation  of  these  is  scarcely  less  embarrassed  by 
intricacies  and  unknown  factors  than  the  computative 
method.  Many  aspects  of  the  problem  of  atmospheric 
maintenance  must,  for  the  time  being,  remain  open. 
The  deployment  of  the  problem,  however,  may  serve 
to  restrain  unwarranted  claims  to  conclusive  determina- 
tions. 

THE  ATMOSPHERIC  TEST  OF  THE  LAPLACIAN  HYPOTHESIS 

The  revisions  and  extensions  of  the  kinetic  view 
of  our  atmosphere  involved  in  the  foregoing  sketch, 
particularly  the  orbital  atmosphere,  the  progressive  mode 
of  escape  of  molecules,  the  interchange  between  the  solar 
and  the  terrestrial  atmospheres  and  the  equilibrium 
between  these,  followed  rather  than  preceded  the 
atmospheric  test  of  the  Laplan'an  hypothesis  to  which  we 
are  now  prepared  to  turn.  The  test  started  with  tin- 
older  kinetic  views  of  the  atmosphere,  particularly  that 


II!  i    I  AkIH  (,l  \1  MS      33 

phase  of  them  aiU.mccd  by  I  >hnstone  Stoncy.* 

The  very  suggestion  •>;  the  test  sprang  from  St« 

th.it    a   planrt    could    not    hold   an    indefinite 

amount  ot    i  inosphcrc  but  only  an  amount  proportionate 

mass  when  other  conditions  arc  duly  considered. 

The  considerations  we  have  added  seem  to  supplement 

and  strengthen  this  :  \,  an<l  they  are  here 

in    anticipation    oi    the    atmospheri.  I    the 

\alidity  of  the  gaseo-niolten  theory  of  thr  origin  of  the 
earth 

:nake  thr  tot  critically  it  was  thought  necessary 
to  take  into  account  thr  i.u  t  that  thr  parabolic  velocity 
of  the  earth—  which,  following  current  practice.  1  then 
took  as  the  critical  y  of  molecular  escape- 

decreases  with  the  altitude,  and  that  it  varies  with  the 
rate  of  the  earth's  rot  at  i<  »n  4    To  assist  in  weighing  these 
K    M  nu  It  on  was  kind  enough  to  prepare 
for  me  tables  of  the  v  of  the  parabolic  velocity 

tnr  various  altitudes  with  adaptations  to  a  stationary 
earth,  to  an  earth  with  the  present  n  md  to  an 

earth  rotating  in  one  hour  and  twenty-four  minuto.  thi> 
the  rate  at  which  the  rotation  would  cause 
separation   by   centrifugal    action    at    the   equatorial 
h  a  rotation  would  throw  the  atmosphere 
off  and  initiate  -irruption  of  the  earth,  so  that  there  was 
ier  any  higher  rate  of  rotation.     Dr. 
«>n  added  formulas  by  which  the  tables  could  be 

lodified  to  suit  such  other  cases  as  n 

be  selected.5    Dr.  A.  W.  \\  hitney  prepared  for  me  a 

table  ol   the   NelmiticN  that   would  be  acquired  by   the 

:1   constituent-   n|    tlic   atmosphere   l"«»r   a   series  of 

>  raturcs,  and  also  a  table  of  the  frequency  at  which 
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a  certain  ])crcentage  of  molecules  would  acquir 

fied  velocities.6    With  these  aids  atative 

cases  was  tested. 

( >nc  of  the  gravest  difficulties  encounter!  <1  in  trying  to 
make  a  test  that  mi^ht  be  taken  as  conclusive  lay  in  the 
uncertainty  as  to  the  pro  b*  I  things  in  the  upper 

atmospheric  levels,  an  uncertainty  which  was  then  par- 
ticularly great.  However,  it  is  sometimes  possible  to 
deal  with  a  question  in  a  really  conclusive  way  even  when 
the  precise  conditions  are  indeterminable,  it"  it  happen- 
to  be  possible  to  bring  under  test  a  graduated  series  of 
representative  cases  whose  combined  range  is  wi« It- 
enough  to  cover  all  supposable  cases.  If  the  tests  show 
that  none  of  these  is  tenable,  the  entire  range  of  cases 
is  effectively  excluded,  and  it  is  immaterial  what  tin- 
details  of  the  actual  case  may  be. 

In  the  case  in  hand,  the  tests  did  not  make  it  altoget  her 
certain  that  a  white-hot  earth  could  not  hold  the  larger 
part  of  the  great  atmosphere  assigned  it.  for  the  rela- 
tively brief  period  during  which  the  putative  white-hot 
stage  would  last,  for  time  is  a  vital  factor  in  the  loss  of 
an  atmosphere.  It  did  appear,  however;  quite  doubtful 
whether  so  much  water- vapor  as  was  postulated  could 
have  been  held,  even  through  the  white-hot  stage,  be- 
cause  its  molecular  activity  would  have  been  exception- 
ally high,  as  the  molecule  of  water  gas  is  relatively  li^ht. 
There  would  also  have  been  liability  to  dissociation, 
which  would  give  rise  to  still  higher  molecular  activity. 

TEST  CARRIED  BACK  TO  POSTULATED  GASEOUS  GLOBE 

As  the  tests  applied  to  the  white-hot  stage  t  h 
to  fall  somewhat  short  of  complete  collusiveness,  the 
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was  applied  t<>  tin-  next  earlier  stage  of  the 
earth  postulated  b>  the  Laplacian  hyjMithesis,  when 
the  earth  was  entirely  gaseous  and  when  the  molecular 

ties  ami  th«  ratures  were  still  higher  and 

the  chemital  dissociations  probably   more   extensive 

'iily  were  the  temperatures  at  that  stage  high 

h,  by  hypothesis,  to  keep  even   the  n  ir 
substances  of  the  earth  in  a  vaporous  state,  hut  tin- 
vast  gaseous  globe  in  it-  gaseous  state  must  have  been 
mih  h   larger  than   in   its   Liter  stages,  and   he  nee  the 
velocity  required  for  the  escape  0  -m  its 

border  was  proportionality  less.  There  seemed 
good  reasons  for  thinking  that  hydrogen  would  be 
liberated  by  dissociation  at  such  tt-mprr.it  arcs.  Now 
the  earth  is  xarivly  competent  to  hold  hydrogen 

.lu-ntly  at  present  temperatures  and  at  the  present 
atmospheric  Miriai-e  where  the  gravity  etYei  t  is  greater 

it  could  have  been  at  th«  oi  the  {>os  tula  ted 

gaseous  globe.    These  and  other  considerations  seemed 

ke  it  extremely  doubtful  whether  water-  vapor,  or 
its  dissociated  c<>n-iituenN.  could  have  been  held 
under  iontrol  on  the  outer  border  of  the  extremely  hot 
gaseous  spheroid.  '1  :  usion  is  strengthened  by 

robability  that  xurh  a  very  hot  gaseous  spheroid 

I  be  affected  by  explosive  eruption-*,  somewhat 
as  the  Mm  is.  Violent  ejections  of  such  a  type  would 

it  doubt  have  greatly  aided  the  discharge  of  the 
more  ai  live  gases. 

TEST    \1MMIKD  TO  THE   POSTULATED  NEBULAR   RI 

Bui  r  the  last  remnant  of  doubt,  the  test  was 

rarried  still  another  step  backward  and  applied  to  the 
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postulated  Ma  ire  ;it  which  the  Mil>Manee  of  the  earth 
and  moon  formed  a  gaseous  ring,  recently  parted  from 
tin-  rotating  nebula.  The  assigned  diameter  of  t lu- 
ring was  of  the  order  of  the  orbit  of  the  earth.  It  may 
help  to  an  appreciation  of  the  gravitativc  feebleness  of 
this  ring,  to  note  that  even  if  it  were  reduced  to  a  solid 
state  of  the  mean  density  of  the  promt  earth,  it  would 
have  a  cross-section  of  only  about  40  kilometers.  It 
is  further  to  be  noted  that  the  center  of  gravity  of  t  lu- 
ring would  be  at  the  center  of  the  sun  and  the  sell 
gravity  of  any  section  of  the  ring  would  be  exeeedingly 
feeble.  When  all  that  these  two  factors  imply  was  duly 
considered,  the  case  became  eminently  decisive.  A 
ring  of  gas,  such  as  the  Laplacian  hypothesis  postulates  as 
the  parent  of  the  earth,  with  a  temperature  high  enough 
to  keep  the  refractory  substances  that  make  up  most  of 
the  earth  in  the  form  of  a  gas,  could  not  have  held  itself 
together  by  its  own  gravity  in  the  collisional  relations  of  a 
gas,  most  certainly  not  so  far  as  the  atmospheric  con- 
stituents were  concerned. 

When,  therefore,  the  results  of  this  ultimate  test  had 
been  duly  pondered,  one  of  two  alternatives  seemed 
imperative:  either  to  conclude  that  the  kinetic  theory 
of  gases  was  seriously  wrong,  or  that  such  a  ring  of 
gas  as  the  Laplacian  hypothesis  postulated  could  not 
have  held  in  gaseous  relations  the  waters  of  the  oceans 
or  the  constituents  of  the  air,  nor  perhaps  even  the  rock 
substances  of  the  earth. 

At  the  time  the  test  was  made  there  was  ground  for 
some  reserve  relative  to  the  soundness  of  the  kinetic 
theory  of  gases.  It  seemed  wise,  therefore,  before 
setting  aside  the  Laplacian  hypothesis,  to  seek  lines  of 
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il.lt     <ll.l     lint     rrxl     nil     the     t  ilillCVs    nf     thf 

k  iiu  -t  ii  t  heory  of  gases.    These  will  claim  attention  later. 

c  passing  «•!.  proper  to  remark  th.it 

there  now  rrmuins  no  reasonable  ground  i'..r  <l<>ul>tinK 
the  esscnti.il  \«  rit\  <>i'  tlu-  kim-ii.  thrnrv  of  gases. 

test  based  on  thU  tlimry  was,  th«  really 

miuh  morv  romlusivi-  than  it  was  hrM  to  l>c  at  th« 

it    Wtt    in.i.ir. 
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CHAPTER  II 

\ISTIGES  OF  COSMOGONIC  STATES  AND    I  III  Ik 
SIGNIFICANCE 

There  was  a  time  when  that  part  of  the  history  of  the 
earth  which  antedates  human  records  was  held  to  be 
purely  speculative.  It  was  easy  to  say  that  no  man  had 
then  lived  to  witness  terrestrial  events  and  tiny  could 
not  be  humanly  known.  Pre-human  history  was,  indeed, 
merely  speculative  until  a  certain  stage  in  the  growth  of 
insight  had  been  reached.  Man  had  lacked  tin- 
acumen  to  read  the  record  written  in  the  earth  itM-lf 
by  the  processes  of  its  own  formation.  Ignoring  thi> 
automatic  record,  he  indulged  in  speculative  fannVs  in 
lieu  of  serious  inquiry.  But  he  has  since  lea  rind  that 
the  automatic  vestiges  of  creation  may  be  read  with 
great  trustworthiness  so  far  as  their  larger  import  is 
concerned;  he  is  learning  almost  daily  of  successful 
advances  in  deciphering  the  less  readable  phases  of  tin- 
record.  It  is  not  unnatural  that  the  autobiography  of 
the  earth  should  vary  greatly  in  the  clearness  and 
cogency  of  its  revelations.  The  most  tangible  part 
of  the  record  is  found  in  material  vestiges,  in  footprints 
of  processes  and  footprints  of  living  creatures,  in  ripple 
marks,  in  mud-cracks,  in  fossils,  in  the  necks  of  decapi- 
tated volcanoes,  in  the  roots  of  vanished  mountain-. 
and  in  the  multitude  of  distinctive  marks  left  by  former 
activities.  The  laying  down  of  the  strata  one  upon 
another  in  orderly  sequence — the  rings  of  terrestrial 

38 
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•h     and  the  great  lines  of  the  earth's  architecture 

ith   hist,,ru    testimony   of   unim|>cadiable 

fidelity.      Hut    t IK-SI-    material  .  ords    arc    \> 

means  the  only  ones,   nor  always  the  most   imjM.rtant 

ones;  there  are  dynamic  relics  that  arc  as  truly  vestiges 

•  xxsses  once  in  progress  as  are  fossils  or  strata 
These  may  be  r  .   in.  lin.it ions  of 

aJQS,  clliplicilies.  or  any  other  of  tin-  activities  attitudes, 

ike   Up   the   slllijei  t  mai- 
ia!  mechanics  and  of  terrestrial  dynamics.    These 
il   activities,   attitudes,  and  configurations  may 
imply  |>a  s  as  specific  in  their  natures  and  as 

illuminating  in  their  1  significance  as  those  more 

familiar  material  vestiges  of  earth  processes  by  which 
now  so  confidently  read.  The  testimony 
of  these  dynamic  vestiges  may  often  seem  to  be  more 
difficult  to  interpret  than  the  meaning  of  the  m. 
vestiges.  To  many,  perhaps,  they  seem  more  elusive 
in  their  nature  and  less  cogent  in  their  significance,  but, 
in  some  instances,  and  in  some  respects  at  least,  the 
oppOM  illy  the  truth.  In  not  a  few  cases  the 

dynamii    te-timoi  ularly  convincing.     Dynamic 

iias  indeed  its  limit  as  have  all  kinds 

l>ut,  in  its  own  field,  it  i^  often  surpassingly 
and  altogetl 

As  the  hi-tory  of  the  earth  i-  traced  back  to  those 
early  stages  in  which  its  ^ubstance  took  on  physical 
states  other  than  those  it  now  bears,  the  special  • 
that  give  meaning  to  the  material  record  vanish,  and  little 
recourse  is  left  hut  to  turn  to  the  dynamic  record  which, 
fortunate,  ->  mutable,  under  the  vicissitudes 

iffect  earth-substance.     The  method  of  inquiry. 
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hov.  nains  substantially  the  same,    The  j 

of  iiKjiiiry  from  >ole  reliance  on  human  monU  t«,  the 
intiT])rt-tation  of  tin-  totimony  of  the  rocks  wa>  not  a 
lapse  from  a  realm  of  determinate  certainty  to  a  realm  of 
equivocal  speculation,  as  some  lay  men  wen  wont  to 
when  earth-science  was  in  its  infancy;  nor  is  the  passage 
of  inquiry  from  the  use  of  material  records  to  the  >tudy 
of  the  dynamic  record  a  plunge  from  firm  science  into 
nebulous  speculation,  as  some  devotees  of  -<  icnce  permit 
themselves  to  hint  even  now;  it  is  merely  an  onward 
step  from  the  reading  of  the  more  tangible  and  the  easier 
to  the  reading  of  the  less  tangible  and  the  more  difficult. 
No  doubt  the  reading  of  the  easier  and  the  more  familiar 
is  to  be  received  with  greater  confidence,  for  the  time 
being,  than  the  reading  of  the  less  tangible  and  the  more 
difficult.  The  need  for  severe  scrutiny  before  acceptance 
is  without  doubt  more  imperative  in  dealing  with  the 
latter  than  with  the  former,  but  close  scrutiny  is  needed 
in  both  cases;  it  is  heeded  always  and  everywhere.  The 
reading  of  the  later  history  of  the  earth  and  the  reading 
of  its  earliest  history  are  parts  of  the  same  UK  leaver  and 
proceed  by  similar  processes.  The  indispensable  factor 
in  both  cases  is  a  scrupulous  search  for  vestiges  of  what 
has  taken  place  and  a  studious  endeavor  to  find  the  inter- 
pretation thereof. 

I  UK   VESTIGES   IN   THE   SUN 

When,  as  stated  near  the  close  of  the  last  chapter,  the 
atmospheric  test  of  the  Laplacian  view  of  the  origin  of  t  he 
earth  seemed  to  give  results  seriously  adverse  to  that 
hypothesis  and  to  make  it  wise  to  test,  in  turn,  the 
trustworthiness  of  this  test  itself  by  finding  some  other 
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mode  ,.i  serutii.  "in  dcjH-ndcnce  on  the  theory  of 

gases,  attniti'-ii  happened  to  be  first  drawn  to  the  slow- 
ness of  the  sun's  present  rotation  1  his  rotation  is  an 
inheritance  from  the  rotation  t  had  when  the 

I -la nets  were  formed,  and  is  as  truly  a  vestige  of  creation 
as  the  Silurian  form  i ti..n  the  Cambrian  trilobitcs,  or  the 
Paleozoic  Alps.  A  was  later  directed  to  the 

obliquity  of  tin-  Min's  axis,  another  dynamic  vestige  of 
like  fundamental  nature. 

It  U  one  of  the  basal  postulates  of  the  Laplacian 
h\|K>thesis — and,  substantially,  of  all  other  hypotheses 

i  belong  to  tin-  same  genus — that  the  nebula  which 
evolved  into  the  solar  family  had  a  certain  rotation  when 
it  was  in  it-  most  expanded  condition,  and  that,  a-  it 
cooled  and  shrank,  its  rate  of  rotation  increased  in 
accordant  with  mechanical  law  to  preserve  the  value 

its  rotatory  momentum,  technically  its  moment  of 
momentum.  The  constancy  of  the  moment  of  momen- 
tum in  MK  h  a  rotatory  system  is  one  of  the  best  estab- 
lished  prim  ipU>  of  mechanics.  It  i>  inevitably  involved 

til  centrifugal  theories  of  celestial  genesis,  and  must 
indeed  enter  radically  and  consistently  into  any  cos- 

v;onic  theory,  whatever  ii  if  >uch  theory  is  to 

have    .in\    claim    to   serious   consideration.     As   such 

indispensable  principle,  it  i>  >u>eeptible  of  being  made  a 

a  of  the  highest  value  in  testing  the  validity  of 

cosmogonic  tenets.    It  is  peculiarly  applicable  to  the 

tenets  of  hypotheses  confessedly  founded  on  it.     In 

application  of  thi>  principle,  it   was  held  under  the 

um  hypothesis — by  implication,  if  not  by  open 

declaration — that  when  the  parent  nebula  by  cooling  had 

>hrunk  to  a  diameter  of.  about  five  and  one-half  billion 
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miles  tin-  velocity  at  il>  equator  IK-MIL;  then  ihree  and 
four-tenths  miles  per  second — a  ring  was  separated  by 
centrifugal  action  which  afterward  gathered  into  the 
planet  Neptune.  When,  two  stages  later,  the  nebula 
had  shrunk  to  a  diameter  somewhat  U>s  than  a  billion 
miles — the  velocity  then  acquired  being  about 
miles  per  second  at  the  equator — a  more  massive 
was  supposed  to  have  been  separated  which  later  formed 
the  great  planet  Jupiter.  When,  again  omitting  two 
stages,  the  nebula  had  shrunk  to  a  diameter  about  equal 
to  that  of  the  orbit  of  the  earth — its  equatorial  velocity 
having  risen  to  eighteen  and  a  half  miles  per  second— 
another  ring  was  separated  which  formed  the  earth. 
When  the  nebula  had  shrunk  to  a  size  comparable  to  the 
orbit  of  Mercury,  its  equatorial  speed  had  risen  to  about 
twenty-nine  miles  per  second.  As  shrinkage  con- 
tinued after  the  separation  of  Mercury,  the  principle 
requires  that  proportionate  increases  of  rotatory  velocity 
should  have  ensued.  Further  separations  of  equatorial 
matter  and  further  formation  of  planets  might,  in 
complete  consistency  with  the  hypothesis,  be  presumed 
to  have  taken  place  and,  indeed,  were  presumed  to  have 
taken  place  by  the  astronomers  of  the  last  century. 
They  made  diligent  search  for  inner  planets  at  times  of 
solar  eclipse  when  the  glare  of  the  sun,  that  might  ordi- 
narily obscure  small  planets  in  its  vicinity,  was  cut  off. 
An  eminent  astronomer  even  announced  the  discovery  of 
such  a  planet  and  named  it  Vulcan,  but  the  observation 
proved  illusory.  Now,  if  Vulcan  had  proved  to  be  a 
reality,  and  if  the  radius  of  its  orbit  had  been  a  million 
miles,  its  velocity  in  its  orbit,  if  circular,  should  have 
been  about  170  miles  per  second,  and  the  equatorial 
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•ula  at  tin-  ! 

tin  planet's  supposed  separation  should  have  been  the 
sanv  iurtluT   tontraitioii    oi    tin-   nebula    to   the 

present  radius  of  the  sun  should  have  given  it  an  equa- 

il  velocity  of  270  miles  (435  kilometer-  per  MOM 

tal  velocity  of  Ihc  sun's  equator  is  only  about 
one  and  a  third  miles  (two  kilometers)  per  second.  In 
•  •t  her  words,  the  actual  velocity  is  only  about  one-half  of 
i  per  cent  of  the  theoretical  requirement  I I.-n-  then  is 
an  mormons  discrepancy.  The  discrepancy  is  the 
more  notable  in  that  it  -in  the  very  principle  on 

which   the   hypothesis   i-    founded.     Ii  d'  as  a 

dynamic  relic  of  tin-  BUB  iii-tory  and  as  an  index 

13  genesis.  thi>  iiu«»n-i-tently  slow  rotation  seems  to 

imply  that  the  >un  i>  not  the  residual  product  of  any  >uch 

progressive  separations  as  the  Laplacian  and 

trifugal    hypotheses   postulate.    It    is    not 

easy  to  see  how  this  conclusion  can  be  escaped,  unless 

tn  be  shown  that  some  competent  agency,  acting  as  a 

ik,  came  into  action  alter  the  separation  of  Mercury 
and  was  efficient  enough  to  reduce  the  rotation  of  the 
sun  to  a  two-hundredth  part  of  the  velocity  toward  which 
it  had  been  trending  up  to  this  stage  in  accordance  with 

the  best  established  laws  of  mechanics.  Tl 
is  an  inherent  ditViculty  in  seeing  just  how  any  such 
agency,  or  the  source  of  any  such  agency,  could  1. 
existed  in  the  system  and  have  remained  in  abeyance 
during  the  \\h-  e  period  of  planetary  evolution 

so  as  to  permit  rotation  to  increase  systematically  until 
all  the  plai  re  cast  off,  and  then,  but  then  only. 

have  come  into  action  of  an  opposite  order  and  of  so 
high   efficiency   that    further    contraction   should    not 
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only  have  failed  to  sustain  the  previous  habit  lily 

increasing  rotation  but  should  have  reversed  the  effect 
with  so  much  potency  as  to  bring  the  rotation  down  to  a 
very  small  fraction  of  what  had  already  been  attained. 
However,  a  possible  agency  working  somewhat  in  this 
strange  way  must  be  considered.  So  long  as  the 
planetary  matter  remained  in  the  form  of  rings,  its 
attraction  had  no  deterrent  action  on  the  sun's  rotation, 
but  as  soon  as  the  rings  were  gathered  into  concentrate  1 
masses,  as  the  hypothesis  assumes  they  did,  each  of 
these  masses  tended  to  develop  tides  in  the  sun,  and  these 
tides  acted  as  brakes  on  its  rotation.  Now,  in  the  first 
place,  it  must  be  noted  that  as  soon  as  any  planetary 
mass  began  to  act  in  this  way,  it  tended  to  stop  the 
planet-forming  process.  Too  much  efficiency  of  this 
kind  on  the  part  of  the  outer  planets  would  have  fore- 
stalled the  formation  of  the  inner  planets.  Now  the 
time  at  which  such  masses  could  be  most  effective  was 
in  their  earliest  stages,  for  then  the  solar  body  was 
largest  and  its  proximate  side  was  nearest  to  them  while 
its  distal  side  was  farthest  from  them.  Furthermore,  the 
tides  of  these  first-formed  masses  were  then  least  neutral; 
ized  by  the  tides  of  the  later-formed  masses.  The  planets 
are  distributed  about  the  sun  by  their  different  rates  of 
revolution  and  are  rarely,  if  ever,  all  on  a  single  side  of  the 
sun,  or  on  the  opposite  sides,  so  as  to  conjoin  their  tidal 
effects.  Their  distribution  is  constantly  changing,  so 
that  any  distribution  that  tends  to  tidal  efficiency  is 
merely  temporary.  As  a  result,  their  several  tides 
neutralize  one  another  in  large  degree  and  the  residual 
effect  is  small.  The  subject  of  tidal  influence  in  the 
evolution  of  our  planetary  system  has  been  elaborately 
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investigated  by  Sir  George  Darwin,  and  as  his  working 

hypotheses  w<  it>  their 

alues,  his  results  are  assumed  to 

be  com  lu     .      l!r  found  that  the  utmost  assignable 

effects  of  ail  the  planetary  tides  upon  the  rotation  of  the 

the  n\  ipnxral  retreat  of  the  planets,  is  so 

I  as  to  be  quite  negligible.    Even  if  the  age  < 
system  be  greatly  extended  beyond  current  estimates,  the 
evolutionary  value  of  the  planetary  tides  does  not  ri-e 
to  appreciable  moment.1 

As  tlu-  sun  is  constantly  radiating  away  enormous 
quantities  of  heat,  it  i-  improbable  that  the  retarding 

D  of  the  planetary  tides  has  been  at  any  time 
equal  to  the  accelerating  effect  of  the  sun's  contraction, 

if  tlu-  solar  o»n:  mch  slower  than  was 

>I>osed,   owing   to   sources   of   heat   then 
undiscovered.     It  is,  hov  able  to  deter- 

mine this  positively  in  the  present  state  of  knowledge 
relative  to  the  sun's  sources  of  heat. 

c  any  doubt  as  to  the  incompetcncy  of  the 
planetary  tides  to  account  for  the  great  discrepancy 
between  t  i  n  of  the  sun  and  the  theor 

rotation  it  should  have  under  the  Laplacian  hypothesis, 

doubt  should  prompt  us  to  a  search  for  other 
grounds  on  whuh  to  test  the  hypothesis  by  the  applica- 

"i    fundamental  principles,  for  discrepancies  are 
at  t<>  ii.  vcs  under  the  mantle 

of  any  hypothesis  that  does  not  tally  with  the  hi 
reality.     While  no  doubt  is  here  entertained  as  to  the 

•ipetcncy  of  tidal  action  to  explain  the  great  dis- 
crepa:  losed  by  the  rotation  of  the  sun,  an  inde- 

pendent  line  of  inquiry,  undertaken  to  cover,  so  far 
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as  possible,  any  \\vaknrssrs  that  nii^hl  he 
to  lurk  in  this  argument  and  in  tin-  prec  edin^  at 
test,  will  be  the  subject  of  the  next  chapter.2 

It  was  only  after  such  a  supplementary  inquiry  had 
been  made  that  the  implications  of  the  second  of  tin 
sun's  significant  vestiges,  the  inclination  of  its  axis 
to  the  planes  of  the  planets,  arrested  serious  attention, 
and  so,  if  strict  historic  sequence  were  followed,  this 
feature  should  be  discussed  later;  but  while  we  are 
considering  the  dynamic  vestiges  of  the  sun,  it  is  con- 
venient to  refer  briefly  to  the  inclination  of  its  a\i- 
It  must  be  quite  obvious  to  everyone  familiar  with 
ordinary  mechanics  that,  if  the  sun,  by  reason  of  it- 
rotation,  " threw  off"  parts  of  itself  by  centrifugal 
action,  they  should  have  taken  paths  lying  in  the  plane 
of  its  equator;  much  more  is  this  evident  if  the  center 
of  the  nebula  simply  shrank  away  from  the  outer  rim, 
the  true  picture.  This  holds  whether  these  parts 
were  left  behind  as  rings  or  as  individual  particles,  or  in 
any  other  natural  manner. 

But  as  a  matter  of  fact  the  plane  of  the  earth's  orbit 
is  inclined  7°  15'  to  the  plane  of  the  sun's  equator.  The 
orbits  of  all  other  planets  are  also  inclined  to  the  plane 
of  the  sun's  equator,  some  more,  some  less  than  this; 
some  of  the  planetoids  very  much  more  than  this.  If, 
however,  these  varying  inclinations  were  such  as  com- 
pletely to  offset  one  another  so  that  the  mean  plane 
coincided  with  the  sun's  equator,  the  conditions  of  the 
theory  might  still  be  regarded  as  fulfilled;  but  the 
'invariable  plane"  of  the  planetary  system  which  sum- 
marizes the  total  inclination  values  of  all  the  planetary 
orbits  is  also  inclined  to  the  sun's  equator  5°±.  While 
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this  is  in>t  large  angle,  tin  n-|>r»s<! 

•In-  motion  •  •!  tin   pl.tm-ts  is  BO  enormous  that  «• 
thi-   small   (Uxi.itinn    represents  a  rather  grave  dis- 
crepancy between  theory  ai  though  it  «!«*•> 

crious  nature  ot  ceding  discrepancy. 

It  will  be  necessary  to  recur  to  this  lYutim-  \vh- 
we  turn  from  destt  to  the  rmuh  more 

ilitVuult  task  of  loiMnuting  a  hypothesis  to  meet 
possible,  this  and  the  many  other  significant  features  of 
tlu-  .u-tual  system. 
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CHAITKU   III 

HIE  DECISIVE  TESTIMONY  OF  CERTAIN  VESTIGES 
OF  THE  SOLAR  SYSTEM 

When,  as  recited  in  the  first  chapter,  the  gasoms 
factor  of  the  nebular  hypothesis  seemed  to  betray  serious 
weaknesses  under  the  tests  of  the  kinetic  theory  of 
gases  and  when,  as  recited  in  the  last  chapter,  the  cen- 
trifugal factor  seemed  to  disclose  even  more  serious 
incongruities  when  tested  by  the  hypothesis*  own 
fundamental  tenet,  there  arose  a  pressing  need  to  seek 
other  and,  if  possible,  more  rigorous  tests.  It  could  not 
be  lightly  assumed  that  a  hypothesis  which  had  brm 
so  widely  accepted  for  a  century  was  thus  fatally  weak 
in  its  own  fundamentals.  It  was  more  natural  to 
assume  that  the  inquirer  had  himself  fallen  into  error 
or  misconception.  However,  the  call  to  proceed  till  tin- 
error  or  the  misconception,  wherever  it  lay,  should  be 
disclosed  was  none  the  less  imperative.  The  call  was 
perhaps  all  the  more  urgent  because  the  weaknesses  of 
this,  the  leading  gaseous  hypothesis,  seemed  to  involve 
all  other  gaseous  hypotheses  as  well  as  all  quasi-gaseous 
hypotheses  and  perhaps  all  centrifugal  hypotru 
Indeed,  it  seemed  to  raise  doubt  as  to  the  possibility  of 
even  framing  any  centrifugal  hypothesis  that  could  lit 
the  facts  of  our  planetary  system.  This  does  not  of 
course  imply  that  some  other  planetary  system  might 
not  arise  from  centrifugal  separation,  but  merely  that 
our  planetary  system,  being  what  it  is,  did  not  arise  in 

that  way. 
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M <»ult<>n    had,    as    pr<  viou&ly   stated,    furnished 

•ii  tables  and  formulas  of  paraboli*  \«  '•"  iii«    i--r  the 

earth,  under  dim  ;  I  volume  and  rotation, 

as  an  aid  in  tlu-  gaseous  inquiry,  and  I  had  sought  his 

good  opinion   relative   to   the  >inninYancc  of  the  sun's 

•ion.      llr  w.is  n«.\s    ^n»d  ri, 

u-  in-|uir\  and  to  take  the  leadership  in  testing 

i  lu  Laplacian  hypothesis  by  means  • 
laws  of  dynamics,  a  line  of  investigation  in  which  t he- 
skill  of  a  ma>ter  in  iele-ti;il  mechanics  carried  a  value 
of  tlu-  hi^lu  1  IK-  new  tests  were  singularly 

'r  in  disclosing  discrepa; 


it'   DEFECTS   OF   THE    LAPLACIAN    HYPOTHESIS 

i     I-.. i-   |    first    trial,   tlu-  nebula  postulated  by   the 

Lapladan  h>  po  thesis  as  the  parent  of  the  solar  system 

was  restored  by  Dr.  Moulton  as  faithfully  as  possible  by 

orsion  of  tlu-  entire  mass  of  the  present 

;i  into  gas  and  by  assigning  :di  a  deploy- 

ment as  would  be  required  by  the  accepted  laws  of 
gaseous  distribution.  In  doin^  thi>  he  emleavorcd  to 

•he  hypothe-is  the  1  i-ry  doubt  and  to 

allow  a  liberal  m.  ry  case  of  quanti- 

tative uncertainty.  '1\»  thi-  re>t*»red  nebula  he  assigned 

ill    value   of   all    the    momentum    the   >y>ten. 

possesses.    Comparison  was  then  made  between  this 

representative  nebula  and  the  actual  solar  system  in 
regard  to  the  resjn-t  tivc  values  of  their  momenta.  These 
values  are  fundamental  in  nature  and  should  tally 
closely  with  one  another  if  the  Laplacian  hypothesis 
were  true. 
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The  litM  M.i.^e  -elected  for  compari-on  was  naturally 
that  at  which  tin-  restored  nebula  had.  by  hypoth< 
shrunk  to  the  size  of  the  orbit  of  Neptune  and  \va>  ready 
to  cast  off  a  ring  to  form  that  planet.  The  value  of  tin 
momentum  in  the  nebula  and  the  value  of  tin-  momen- 
tum that  would  be  necessary  to  bring  about  the  sep. 
tion  of  the  postulated  ring  by  centrifugal  action  were 
each  computed  and  were  found  to  be  widely  <1  ism-pant, 
the  momentum  of  the  nebula  having  less  than  a  two- 
hundredth  of  the  value  required  for  separation.  A 
similar  trial  was  made  at  the  stage  when  the  matter  for 
Jupiter  should  have  parted  from  the  nebula,  and  it 
was  found  that  the  nebula  then  had  less  than  a  hundred 
and  fortieth  of  the  momentum  required  to  separate  a 
ring.  At  the  stage  assigned  for  the  setting  off  of  the 
earth-moon  ring,  the  nebula  had  about  an  eighteen - 
hundredth  of  the  momentum  necessary.  At  the  Mercury 
stage,  it  had  about  a  twelve-hundredth.  It  will  be 
seen  that  these  are  discrepancies  of  a  very  high  order  and 
are  quite  comparable  in  this  Yespect  to  the  discrepancy 
disclosed  by  the  sun's  slow  rotation. 

While  these  inquiries  of  Dr.  Moulton  were  entirely 
independent  of  previous  investigations  in  like  lines,  as 
was  natural  from  the  special  way  in  which  he  was  led 
to  make  them,  it  was  found  later  that  Habinet  had 
detected  discrepancies  of  the  same  type  many  years 
previously.2  Though  his  conclusions  had  been  reached 
in  a  somewhat  analogous  way,  the  methods  pursued 
were  not  identical.  It  does  not  appear  from  what  can 
now  be  learned  that  Babinet  pushed  hi-  inquiry  so  far  as 
to  become  convinced  that  the  discrepancies  were  fatal 
to  the  Laplacian  hypothesis.  On  the  contrary,  he 
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•eems    t<>   have    regarded    the    imongruitio    nu-rcly  a* 
;!tir>   \\liiih   HUM    I  omc  way   by    the 

hypothesis  which  he  appears  to  have  continued  to  accept, 
a.  In  the  te>ts,»i  l>r.  Mou  I  ton,  each  stage  in  the  evo- 
lution of  tlu-  ml  »ula  was  considered  1>>  h  masses 
as  had  been  separated  pi«  \i..-id\  to  form  planets  outside 
tie  under  i  moderation  bein^  subtracted  from  the 
nebula,  following  in  this,  a-  in  other  respects,  precisely 
the  t<               lu  Laplacian  h>pothesis.     Each  case  was 
sense,  an  independent  one.    To  app! 

it  dinVrent  was.  it  was  assumed  that 
the  whole  mas>  nf  tin-  -y-t«-m  rnnainnl  in  thr  lu-hula 
until  tin-  its  rotation  l>ecame  r  to  force 

the  separation  of  the  rim  as  a  ring  in  accordance  with 
the  assuinptioos  of  the  hypothesis.    It  was  found  that  the 

Centrifugal  *oinj>oiu-nt  uoul.l  cijuality  with 

ntripetal  force  of  gravity  until  after  the  nebula 
had  shrunk  within  the  orhit  of  the  innermost  planet. 

As  all  these  tests  were  based  on  well-established 
dynarnual  laws,  the  ouu-lusions  could  not  fairly  be 
regarded  as  much  less  than  rigorous,  except  pcrhap^  in 
so  far  as  they  were  dependent  on  the  accuracy  of  the 
restoration  of  the  nebula,  which  was  guided  by  the 

ted  law  of  distribution  of  gases.      I  hi-  law.  while 

My  riLjoroux  under  ideal  condition^  ^hows  some 
tendency  to  break  down  in  cases  where  the  state  of  the 
gas  is  near  the  border  line  that  marks  the  transition 
the  gaseou^  >tate  to  >ome  oth.  but  in  all  known 

cases,  the  departures  from  the  strut  terms  of  the  law 

lound  to  be  >iu  h  as  to  bear  agiiinst  the  h>pothesist 
>o  that  lu  re.  as  in  other  cases,  the  assumption  of  the 

Vte  integrity  of  the  law  gave  the  hypothesis  the 
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benefit  of  tlu-  doubt.  Thr  ( ritual  rca<lcr  will  readily 
see  that  the  true  law  of  di>tribution  mi^ht  vary  widely 
from  the  accepted  law  without  removing  in  any  large 
measure  the  great  discrepancies  disclosed. 

3.  Although  there  was  thus  no  tangible  ground  f«»r 
apprehending  that  any  falling  away  from  the  law  of. 
distribution  of  gases  could  essentially  weaken  the  rigor 
of  the  conclusions  reached  by  Moulton's  dynamical 
inspection,  it  seemed  none  the  less  desirable  to  find 
a  test  whose  working  factors  were  not  derived  from  the 
law  of  distribution  of  gases,  and  thus  cover  by  such 
alternative  inquiry  any  doubt  that  mi^ht  seem  {<>  arise 
from  this  source.  I  endeavored  to  find  such  a  test  in  a 
comparison  of  masses  and  momenta  as  they  now  ex: 
The  method  proceeded  on  the  assumption  that  the 
masses  and  the  momenta  alike  remained  essentially 
constant  throughout  the  evolution,  an  assumption 
inherent  in  the  principles  of  the  Laplacian  hypothesis. 
Exchange  of  momentum  between  the  members  of  the 
system  is  not,  however,  excluded,  and  there  will  be 
something  to  say  of  the  possible  extent  of  this  after 
the  mode  of  trial  and  its  results  have  been  outlined. 
The  method  may  be  concretely  illustrated  in  the  case 
of  the  great  planet  Jupiter  which  fairly  represents  tin- 
general  tenor  of  the  results  in  other  cases.  Jupiter. 
including  his  satellites,  now  carries  a  little  less  than 
one- thousandth  (1/1,024)  of  the  mass  of  the  solar  system 
exclusive  of  the  planets  outside  Jupiter  which  do  not 
enter  into  this  comparison.  The  mass  of  the  nebula 
just  before  the  Jovian  ring  was  separated  from  it,  was, 
according  to  the  Laplacian  hypothesis,  identical  with 
the  combined  masses  of  Jupiter  and  the  bodies  within 
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its  orl-ii  1  »r  tin-  purjioses  of  tin-  inspection  the 
momentum  \.tlues  now  carried  1  |..\i.m  family 

ami  the  Ixxlies  within  were  taken  from  the  computa- 
tions <  ieorge  Darwin  and  thus  the  results  were 
made  to  rest  on  authoritative  data  wholly  independent 
of  thr  computations  of  my  colleague.  Now  the  reader 
will  find  little  ditVuulty  in  forming  a  mental  picture 

:  i  Highly  represents  thr  j  »ns  of  momentum 

ass  in  the  different  parts  of  a  symm< 
rotating  body  such  as  tin   nebula  must  have  been;  at 
least  he  can   pirture   di>pr«.;  in    the  different 

parts  so  great  that  they  would  not  be  developed  in  a 
natural  evolution,  and  so  he  may  limit  to  his  own  satis- 

:i  the  range  within  which  the  true  case  must  lie. 

without   assuming  to  know  precisely  what  the  exact 

.illed  in  mechanics,  he  may  use  a  series 

l>otheses  that  fix  more  definitely  the  range  within 
which  the  true  case  must  fall.  The  nebula  at  the  initial 
stage  of  partition  mu>t  have  formed  an  oblate  spheroid 

:ii;  at  such  a  rate  that  the  outer  one -thousandth 
part  was  just  ready  to  separate  to  form  Jupiter  and  his 
moons.  The  next  thousandth  part  lay  ji:  B  that 

and  was  rotating  at  a  proportional  rate,  which  was 
-ser;   tlu-  m-xt  thousandth  lay  next  within 
and  was  still  slower,  and  so  on  down  to  the  last  thou- 
sandth which  had  almost  no  r  momentum  at  all. 

value  of  the  momentum  in  each  case  is  measured 
1>\  the  product  of  the  mass,  the  speed,  and  the  length 
of  the  arm  on  which  each  part  was  rotating,  and  the 
romparis.  en  the  outer  thousandth  and 

trn  of  all  the  remaining  nine  hundred  and  ninety- 
nine  thousandths.  If  the  reader  has  fixed  upon  the 
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highest  proportion  of  the  total  momentum  that  could 
possibly,  in  his  judgment,  lie  tarried  l>y  tin-  miter  one 
thousandth' part  of  the  nebula,  he  will  be  prepared  to 
appreciate  how  far  the  hypothesis  is  credible  when,  by 
recourse  to  the  data  of  Sir  George  Darwin,  it  is  found  that 
Jupiter  and  his  moons  now  carry  96  per  cent  of  the  whole 
momentum,  leaving  to  the  remaining  nine  hundred  and 
ninety-nine  parts  only  4  per  cent.  In  some  respects 
this  remarkable  disproportion  is  quite  as  convincing 
evidence  that  Jupiter  was  not  separated  by  simple 
centrifugal  action  as  the  more  rigorous  determination  by 
the  previous  method  which  showed  that  the  existing 
momentum  is  one  hundred  and  forty  times  more  than 
the  same  matter  would  have  carried  in  the  restored 
nebula. 

When  this  alternative  method  was  applied  to  other 
planets,  similar  disproportions  between  masses  and 
momenta  were  disclosed;  in  some  cases  even  a  greater 
relative  disproportion  was  revealed  than  in  the  case 
of  Jupiter. 

4.  Inspections  of  the  foregoing  kinds  that  direct 
specific  attention  to  the  conditions  under  which  separa- 
tion should  take  place  force  the  conviction  that  a  certain 
regularity  and  symmetry  in  respect  to  the  masses  of  the 
successive  rings  must  have  resulted  from  the  centrifugal 
process,  if  it  obtained.  But  very  striking  irregular! tie- 
in  the  masses  of  the  planets  are  observed.  If  the  mass 
of  the  earth  be  taken  as  unity,  the  order  of  the  planetary 
masses  from  the  outermost  to  the  innermost  is  17; 
14.6;  94.8;  317.7;  0.1073;  i;  0.82;  0.0476.  This 
irregularity  has  of  course  long  been  known  and  the 
incongruity  recognized  but  not  thought  fatal. 


\k 

5.  Rings  shed  from  tin-  rim  of  a  rotating  spheroid 

should  have  been  stn  ul.ir  when  they  were  first 

I.  ami  no  wide  departure*  from  linularity  should 

probably   have   followed   in   tin-  course  of  subsequent 

evolution.     1  he  orbits  of  most  of  the  planets  approach 

fairly  i  In  ircularity  and  no  severe  indictment  of 

centrifugal  hy|x>thcses  can  be  based  on  tin-  ellipti.itie- 

observed,    though    so:  -iu-m    arc-    rather    notable. 

The  orbits  of  the  plain  toid>.  however,  arc  often  much 

i-iventrii-.  and  their  planes  diverge  more  notably 

nu- oi  the  H\>tem.     The  attraction 

of   their  jKwerful   neighbor  Jupiter   i>   >»unetimes   held 

responsible  for  this.     'I'here  is.  however,  a  singular  fart 

about  the  orl  the  planetoid>  that  is  not  met  by 

thi>  plausible  h \pothesis.     Bodies  shed  from  a  nebula 

by  centrifugal  action  should  have  orbits  strictly  con- 

< tut i  ne  another;  no  orbit  should  loop  through 

tlur      The  orbits  of  the  planetoids,  however,  are 

.-ularly  interlooped  that,  if  they  were  solid  rods, 

the  lifting  of  one  would  lift  the  whole  group. 

6.  If  we  turn  to  the  supposed  evolution  of  the  satel- 
lites  from   the   planets   by   centrifugal    an  ion,   some 
feature-*  as  strikingly  incongruous  as  any  of  the  preced- 
ing are  encountered.     Under  the  centrifugal  theory,  all 
the  satellite  rings  should  have  rotated  precisely  as  their 
parent  nebulae  did,  and  when  the  rings  were  condensed 

these  should  have  revolved  in  the  same 

•ion   as   their   primaries.     Each   inner   ring  should 

have  rotated  in  le-s  time  than  the  rings  outside  it.  while 

'•ntral  body  should  have  rotated  in  a  shorter  period 

than  any  ring.     The  principle  is  i  he  same  as  that  already 

considered  in  relation  to  the  rotation  of  the  sun.     But 
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Phobos,  the  innrr  satellite  of  M.ir-.  revolves  around  that 
planet  more  than  three  times  while  the  planet  mi 
once.  This  is  a  very  singular,  telltale  vestige  of  Ma 
early  history.  While  this  anomaly  has  been  known 
r  since  Hall  discovered  the  satellites  in  1868,  and 
has  been  recogni/cd  as  pu//ling,  its  foree  WU  largely 
avoided  or  palliated  by  the  hypothesis  that  the  rotation 
of  Mars  was  indeed  high  at  the  outset  but  has  bee: 
reduced  in  the  course  of  time  by  the  tidal  action  of  it- 
moons  that  the  present  strange  state  of  affairs  was 
reached.  Nolan,  however,  insisted  that  this  explanation 
was  inadequate.4  Moulton  added  piquancy  to  the 
anomaly  by  pointing  out  that  the  little  bodies  which 
make  up  the  inner  border  of  Saturn's  innermost  ring 
revolve  in  a  period  only  about  half  that  of  Saturn's 
rotation.  Moulton  further  pointed  out  that,  even  if  a 
tidal  scheme  could  be  made  to  fit  the  case  of  Mars, 
it  would  not,  at  the  same  time,  fit  the  case  of  Saturn, 
unless  it  were  assumed  that  Saturn  is  something  like 
three  thousand  times  as  old  as  Mars. 

7.  Though  it  is  not  in  proper  historical  order  here, 
this  is  a  convenient  place  to  remark  that  three  even 
more  telltale  cases  of  strange  behavior  on  the  part  of 
satellites  have  been  discovered  since  we  were  led  by  the 
foregoing  and  other  considerations  to  abandon  the 
centrifugal  theory  of  satellite  origin  and  to  adopt  a  new 
one.  Among  the  new  satellites  that  have  been 
covered  by  photography,  it  appears  that  Saturn  has  one 
and  Jupiter  has  two  that  revolve  in  a  retrograde  direction 
contrary  to  the  rest.  Nothing  would  seem  more  obvi- 
than  that  a  planetary  spheroid,  rotating  so  fast  as  ot 
shed  a  series  of  rings  by  centrifugal  action  to  form 
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satellites,  should  impart  to  them  all  its  own  direction 
h  a  result  is  so  obvious  that  it  was 

ii-rly  taught  that  a  Mn^le  exception  would  be 
absolutrly  fatal  t<>  the  Laplacian  theory,  and  the  writ,  r 
was  so  in>tnii  tol  in  his  college  days.  It  now  appears 
that,  while  tlu-  majority  of  the  satellites  rc\  the 

same  direction  a>  tluir  primaries,  a  minority  take  the 
opposite  course,  and  that  these  contrary  habits  are 

1  in  the  same  family  of  moon-  in  two  cases. 
8.  Among  the-  oMi T  objection^  to  the  ring  theory  was 
c  that  a  gaseous  spheroid  would  not  cast 

I  drimitr  rin-.  r\  m  if  its  rotation  were  so  increased 

that  separation  in  some  form  was  inevitable.     It  was 

that  the  molecules  would  go  of!  separately,  or  at 

the  most  in  small  groups,  and  that  such  small  separations 

ild  follow  at  short  in  ^o  that  the  whole  would 

n  a  disk  rather  than  a  series  of  distinct  rings.  The 
molecules  of  gases  are  held  together  by  gravity  in  spite 
of  a  tendency  to  fly  apart  by  reason  of  rebounds  from 
*  llisions  with  other  molecules,  and  hence  so  soon  as 
gravity  at  the  outermost  rim  of  the  rotating  nebula 
was  neutralized  by  the  increasing  centrifugal  force, 
tlu-  mokiules  should  have  gone  of!  individually  into 
ere  was  no  agency  to  hold  them  back  until 
the  other  molecules  requisite-  to  make  up  a  ring  great 
enough  to  form  a  planet  should  also  have  reached  the 
state  rv.  juiring  separation.  A  ring  of  sufficient  magni- 
tude to  form  the  greater  planets  should  have  had  some 
millions  of  miles  of  depth  and  the  differences  in  the 
ratio  of  rotation  to  gravity  in  its  outer  and  in  it>  inner 
edges  respectively  should  have  been  rather  large.  ThU 
objection  is  so  obvious  that  some  surprise  may  naturally 
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be  entertained  that  tin-  formation  of  rings  was  ever 
made  a  part  of  the  hypothesis.  There  seem  to  have 
been  two  reasons,  doubtless  seemingly  cogent  at  tin 
time,  for  the  introduction  of  the  ring  feature. 

One  of  these  was  a  supposed  logical  necessity  to  meet 
the  facts  of  planetary  rotation.  All  the  rotations  o!  tin 
secondary  bodies  of  the  solar  system  were  in  the  same 
direction  as  their  primaries,  that  is  forward,  so  f 
known  when  the  Laplacian  hypothesis  was  framed.  It 
was  reasoned  that  if  a  ring  rotated  as  a  unit,  the  outer 
part  of  which  moves  faster  than  the  inner,  the  rotation 
of  the  globe  into  which  the  ring  gathered  would  also  be 
forward;  but  if,  on  the  other  hand,  the  ring  were  made 
up  of  small  bodies  revolving  independently,  the  inner 
bodies  in  this  case  moving  faster  than  the  outer,  as 
they  must,  the  rotation  of  the  resulting  globe  would  be 
in  the  opposite  or  retrograde  direction.  This  cogent 
logic  seemed  to  warn  everyone  away  from  any  theory 
that  started  with  particles  pursuing  independent  revolu- 
tions. To  all  such  hypotheses  it  seems  to  have  served  as 
a  lion  in  the  way,  effectually  warning  off  cosmogonic 
pilgrims.  The  warning  seems  to  have  been  religiously 
heeded  throughout  the  last  century.  The  question 
will  arise  later  whether  it  was  anything  more  than  the 
skin  of  a  lion,  but  let  that  pass  here. 

The  other  reason  was  naturalistic.  The  rings  of 
Saturn  were  very  naturally  thought  to  be  vestiges  of  tin 
evolutionary  process,  and,  correctly  interpreted,  they 
were  certainly  entitled  to  be  so  regarded.  There  can  be 
little  doubt  that  they  were  really  the  foster-parents  of  t  lu- 
ring theory.  In  Laplace 's  time,  it  was  not  unnatural  to 
suppose  that  they  were  gaseous.  It  required  the  acumen 
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in. it  hematics  and  the  analyzing  power  of  the 
spectroscope  to  .  Kit  the  rings  are  in  reality  mm 

posed  of  little  bodies  revolving  indqx-ndentl\ .  >.•/ 

im.ik  it  \ou  please-,  the  very  class  of  bodies  that 
were  supposed  to  give  rise  to  retrograde  rotations.     I 
a  hypothesis  built  up  so  naturally  in  response  t<>  tin- 
apparent  teachings  of  -u«  h  lovely  celestial  objects  as  the 
Saturnian  rings  to  find  at  length  that  it  was  the  victim 
"i  misplaced  confidence  was  indeed  a  cruel  fate. 
9.  But  our  study  of  the  case  did  not  leave  the 

,»ly  with  tlu-  conviction  that  the  rim  of  the  nebula 

eparate  continuously  into  a  disk;  it  went  farther 

and  raised  two  much  more  radical  questions,  the  tr 

whether  the  passing  off  of  the  molecules  individually 

would  not  forestall  the  state  at  which  the  centripetal 

e  of  gravity  would  be  overtaken  by  tin  centrifugal 
Mtion;    the  second,  whether  the  molecular 

its  would  really  be  circular,  as  assumed,  or  whether 
on  the  contrary,  they  would  not  be  so  far  elliptical  as  to 
vitiate  the  reasoning  by  which  the  rings  were  regarded 
as  logically  necessary. 

In  the  first  chapter,  the  way  in  which  the  common 
collisional  atmosphere  passes  into  an  ultra-atmosphere 
of  vaulting  molecules,  and  the  way  in  which  a  part  of 

e  vaulting  molecules  pass  into  an  ultra-atmosphere 

noK  i  uli-s  in  orbital  flights,  were  set  forth.    Now  it  U 

LI  th.it   centrifugal  action  aids  the  passage  of  the 

colliMonal  molecules  into  vaulting  molecules  and  also 

the  passage  of  some  of  these  vaulting  molecules 

into  orbital  molecules.    Every  increase  of  rotation,  by 

reasing  the  centrifugal  tendency.  UKTIMM-S  the  trans- 
fer of  molecules  from  the  collisional  to  the  vaulting  and 
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from  the  vaulting  to  tin-  <»rl>it;il  stafc  .  I'liis  Iran 
is  at  the  expense  of  the  momentum  <>i  llu  Totaling  body, 
for  the  orbital  molecules  require  a  higher  mean  value  of 
momentum  than  the  mean  value  of  the  momentum  of  tin- 
molecules  of  the  collisional  atmosphere.  If  the  process 
is  closely  followed,  it  will  be  seen  that  as  the  centrifugal 
tendency  increases  almost  to  equality  with  the  opposing 
centripetal  force  of  gravity,  the  number  of  molecules  that 
are  driven  by  collisions  into  vaulting  leaps  and  orbits 
is  increased.  The  momentum  requisite  for  the  orbital 
movements  is  taken  from  the  molecules  from  which  the 
last  leaps  were  taken.  The  loss  of  these  molecules 
is  equated  later  with  the  rest  of  the  nebula.  The  ii. 
ence  from  this  is  that  increase  of  rotation,  in  such  a  body, 
necessarily  finds  issue  in  increasing  the  number  of  mole- 
cules that  pass  into  orbits,  and  that  the  nebula,  because 
of  its  constant  loss  of  momentum,  would  never  reach 
the  state  at  which  molecules  will  be  separated  simply  by 
centrifugal  action;  they  would  rather  be  separated  by 
molecular  activity  superposed  on  the  high  rate  of  rotation 
attained.5  If  this  seems  a  too  subtle  distinction,  it  is  to 
be  observed  that  the  molecules  which  go  off  through 
molecular  activity  pursue  orbits  that  have  a  great 
variety  of  eccentricities  so  that  their  subsequent  aggre- 
gation into  planets  and  satellites  is  conditioned  by  these 
eccentric  orbits  and  is  not  amenable  to  the  logical 
deduction  relative  to  rotation  cited  above  as  playing 
so  important  a  part  in  cosmogonic  thinking  for  the  past 
century.  Reference  must  be  made  to  a  later  discussion 
on  rotation  for  the  full  meaning  of  the  distinction  between 
aggregation  from  circular  concentric  orbits  and  aggre- 
gation from  heterogeneous  elliptical  orbit-  respectively. 
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10.  Moulton  has  shown  that,  even  if  a  ring  were 
:i-d.  tlu-  breaking  of  thi>  ring  at  some  weak  point 
and  the  roll,  tlu-  whole  into  a  globe,  as  postulated 

in  tlu-  I.aplaiian  hypothesi^  «l  not  traverse  the 

la\s>  of  trlestial  mechanics,  is  at  least  attended  with 
grave  difficulties.  Even  if  a  large  nucleus  were  formed 
at  some  point  <>n  tlu-  ring  to  serve  as  a  colic*  •  u-r. 

it  probably  could  not  gather  t  in  inde- 

.  ul.ir   01  :n    an   angular   di>tam< 

more  than  (>o°  without  tlu-  co-operation  of  some  otru-r 
agency.    The  consideration,  in  this  case  are  too  techni- 
cal to  be  introduced  here.    So  also  are  some  othi-r 
i-ria  developed  1  ion  in  the  course  of  \\\^ 

inquiry. 

If   tlu ii   the  probabilities  are  strongly  against   the 

Kit  ion  of  a  iolun-nt  ring  by  centrifugal  action,  and 

;rh  a  rin«;.  granted  that  it  IK-  formed,  could  not  hold 

tlu    li^htrr    molecules   at  the  postulated  temjHTa lures 

uch  a  case  as  that  of  the  earth,  and  if,  in  addition. 

the  mechaii;  ailties  of  segregation  into  a  single 

Npheroid    were   highly   adver>e.   if   not    insurmountable, 

even  under  the  most  favorable  ••<.  thi>  line 

of  genesis  offers  little  in  it-  favor  to  offset  the  grave  in- 

md  discrepancies  disclosed  in  the  mocha: 
ystem. 

It  would,  however,  no  doubt  leave  an  unfair  impres- 

of  the  hypothesis  of  Laplace,  and  of  its  Un surpassed 

plii-ity  and  beauty,  and  of  the  great  service  it  has 

1    the   progress  of  thought,   if   there  were  no 

»f  the  fact  that  there  is  a  long  list  of  general 

harmonies  between  the  salient  features  of  the  solar 

system  and  the  broader  terms  of  the  hypothesis.     On 
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such  general  harmonies  the  hypothecs  was  founded. 
and  from  these,  it  gathered  to  itx-lf  a  wide  adhere: 
All  this  was  meritorious  in  its  day.  It  was  only  by  tin- 
progress  of  discovery — to  which,  indeed,  it  had  it-eli 
made  noble  contributions — and  by  advance  in  analytical 
inquiry,  that  these  broader  harmonies  were  found  to  In 
merely  general,  while  specific  incongruities  of  a  grave 
nature  were  disclosed.  In  some  notable  measure, 
though  not  wholly,  these  incongruities  were  veiled  at 
the  time  the  hypothesis  was  given  to  the  world  by  the 
great  French  astronomer  and  mathematician. 

Before  passing  to  the  next  phase  of  our  inquiry,  a 
word  is  to  be  said  relative  to  some  of  the  cosmogonies 
that  preceded  the  admirably  specific  theory  of  Laplace. 
Only  general  reference  has  been  made  to  these  thus 
far  for  they  really  took  almost  no  part  in  the  inquiry. 
There  were  specific  reasons  for  this.  For  the  greater 
part,  they  had  not  been  worked  out  into  specific  details 
that  could  be  applied  closely  to  the  peculiar  dynamic 
features  of  the  earth  and  its  planetary  kin,  and,  for  this 
reason,  they  were  not  fitted  to  play  any  serious  part 
in  an  inquiry  that  tried  to  proceed  naturalistically  on  the 
specific  testimony  of  the  dynamic  vestiges  borne  by  the 
planets.  It  was  of  some  interest,  to  be  sure,  that  these 
general  cosmogonic  theories  were  more  or  less  sus- 
ceptible of  being  made  the  point  of  departure  for  some 
new  view  of  the  genesis  of  the  earth  that  was  specific, 
if  one  felt  that  the  facts  of  the  dynamic  record  made 
such  an  effort  promising.  But  the  views  actually 
offered  for  consideration  were,  in  general,  too  vague 
to  take  their  places  beside  the  clear  and  sharp  tenets  of 
the  Laplacian  hypothesis.  As  earlier  intimated,  the 
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Laplacian   hypothesis  stands  alone  among  tin    ••l«l»-r 

Views  in  its  laudaMe  delinitenCM. 

THE  LESS  SPECIFIC  UYPOTIIESES 

To  a  notable  «  though  not  universally,  the 

otluT  older  cosmogonic  theories  centered  on  the  pro 
found  problem  of  origin. i  :i,  or,  at  least,  on  the 

primitive  state  of  a-lcstial  matter.     Following  btckftloog 
the  line  «»!'  h-rrestria!  e,  as  our  inquiry  did,  and 

mg  as  closely  as  possible  to  the  evidence  of  the 
earth  record,  it  would  have  been  an  unwar- 

ranted leap  into  tin   depths  of  speculative  assumption 
to  have  j>  hed  the  stage 

of  planetary  genesis,  we  had  also  reached  the  beginning 
oi  tiling  Nothing  whatever  had  been  found  in  the 
record  to  imply  that  the  birth  of  the  earth  was  a  feature 
of  the  absolute  beginning  of  the  universe.  As  inti- 
mated already,  once  and  again,  there  seemed  no  ground 
to  assume  that  the  origin  of  the  earth  stood  as  the  only 
type  of  origin  of  secondaries  in  the  great  universe,  or 
that  it  was  a  part  of  primitive  ereation,  however  natur- 
ally it  may  have  been  assumed  by  the  ancients  to  be 
a  creative  ultima  ThuU.  There  had  not  even  appeared 
in  the  record  any  clear  evidemr  that  there  was  a  primi- 
•  eat  ion  c.\  nihilo,  as  distinguished  from  an  indefinite 
backward  extension  of  cycles  <>;  ial  evolution. 

The  trend  oi  our  inquiry — a  trend  that  will  appear 
more  distinctly  in  its  later  stages— lay  rather  in  the 
latter  dire*  tinn.  The  inquiry  had  been  leading — and 
•.tinned  to  lead — step  by  step  to  the  impression 
that  the  creation  of  our  planetary  system  was  but  an 
incident  in  the  history  of  our  sun.  while  even  the  genesis 
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of  the  sun  might  not  improbably  l>e  hut  an  incident 
in  the  history  of  our  stellar  galaxy,  and  the  genesis  of 
that  perhaps  only  an  episode  in  the  evolution  of  tin  real 
universe  that  undoubtedly  lie-  eliierty  beyond  our  1. 
It  appeared,  therefore,  that,  while  our  inquiry  mi^ht 
lead  on  ultimately  to  some  consideration  of  the  evolution 
of  our  stellar  galaxy,  and  to  the  modes  of  genesis  of  the 
.-tars  and  their  attendants — which,  sprin^in^  from  sur- 
passingly rich  resources  of  energy  and  activity,  might 
follow  many  different  lines — only  a  small  part  of  this 
broad  complex  problem  lay  within  the  -pediu  field  of 
our  inquiry.  This  fraction,  however  small  relative  to 
the  whole,  was  none  the  less  all  too  great  for  our  investi- 
gative resources. 

To  a  large  extent,  as  intimated,  the  older  cosmogonic 
views  centered  upon  the  speculative  concept  of  primeval 
chaos,  or  a  modified  view  of  it,  and  made  this  chaos  the 
initial  stage  of  stellar  history.  Under  this  assumption 
there  usually  lay  the  postulate  of  absolute  creation,  but 
this  was  not  always  the  case.  Creation  ex  riihilo  was 
accompanied,  or  followed,  putatively,  by  endowments 
of  energy,  activity,  and  the  various  properties  of  mat 
and  these  led  on  to  a  series  of  events  which  brought  the 
sun  and  the  planets  into  being.  The  whole  solar  system 
was  thus  made  the  direct  offspring  of  a  primitive  si  i 
of  events.  The  sun  and  the  planets  were  assigned  a 
common  birth.  The  details  and  special  stages  were 
more  or  less  successive,  indeed,  but  the  whole  was  one 
great  unitary  evolution.  This  general  postulate  of  a 
common,  and  essentially  contemporaneous,  evolution  of 
sun,  stars,  planets,  and  satellites  was  a  feature  common 
to  most  of  the  older  cosmogonic  theories.  In  this  they 


ropvi  65 

wcrc.t  .th  tin-  Laplacian  hy|M>thesii*.    A  departure- 

this  prr\ ailing  •  >«>n  appeared,  howex- 

tin-    l.itti-r    part    of    '  iitfirnth    tx-ntury,    in    the 

i  nllixional  hypothesis  of  Button.      In  this  we  shall 

primfval  i-haox.  or  an>  i    a  universal 

condition  was  taken  as  tlu-  original  state,  some 

form  of  s,  f»arily  havr  followed  as 

a  means  by  which  appropriate  \<>lui 

to  be  separated  from  tin    rr-t  in  a  form 

suited  to  gather  Jau-r  into  the  several  Cellar  systems— 

the  solar  system  being  the  case  of  particular  interest 

Tin-  nui hanics  assigned  for  such  a  segregation 

obscure,  or  altogether  neglected.    Even  the 

segregation  itself  was  passed  over  lightly.     If  original 

unit'ormity  \va-  a— umed,  as  obscurely  impliol  in  mo>t 

cases,  as  definitely  stated  in  some,  the  assigned  ag< 

that  actuated  such  sub-segregation  rested  on  doubtful 

bases.    If  in  any  case  departure  from  original  uniformity 

:: nplit-<  1,  no  specific  asymnu:  .1  to  produce 

'•u-  riv^ht  kind  of  segregation  secm>  to  have  been 

.'..itfd  in  any  instance.     Such  dynamic  insight  was 

prrhaps  inorf  than  could  be  expected  from  the  attain- 

nuir  ^f>  in  mega-mechanics. 

Passing  thi>  l>y.  tlu  <l\namics  of  the  later  processes 
the  sutnii  i  tin-  uni  \cTsal  chaos  gathered 

tars  and  plain  t-  \vm  oitcn  scarcely  less  obscure, 
i  (Unnitr.  they  were  usually  untenable. 

tlu-  ^n-at  historical  intfri->t  that  attaches 
to  tlu-sf  farlifr  attt-mpts  at  ihf  solution  of  tlu-  great 
prohlnn  of  the  genesis  of  tlu-  heavens  and  the  earth,  and 
apart  from  tlu-  gfiuiinf  admiration  they  awaken  fur  tlu- 
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ingenuity  and  breadth  »>t"  view  some  of  them  display, 
notwithstanding  their  shortcomings,  only  one  among 
them  has  claimed  tin-  serious  a  It  cut  ion  of  modern  schol 
tin  Kantian  hypothesis,  and  that  not  very  widely.  It 
our  inquiry  had  been  a  study  in  urnu  ral  cosmogony, 
instead  of  a  search  for  the  genesis  of  our  planet,  the  Kan 
tian  view  might  perhaps  have  had  certain  claims  to  lake 
precedence  over  even  the  Laplacian  hypothc-i-.  iOr 
the  latter  purposely  stopped  short  of  a  comprehensive 
philosophical  view  of  celestial  evolution;  it  neglected  t<> 
assign  an  origin,  or  to  delineate  the  early  history,  of  the 
nebula  with  which  it  dealt;  it  started  with  an  assump- 
tion; it  simply  postulated  a  nebula  of  given  mass  and 
physical  state;  it  did  not,  even  by  speculative  hypothesis, 
connect  this  nebula  with  its  own  origin  or  antecedent 
history,  much  less  with  an  absolute  beginning,  or 
even  with  a  general  parental  state,  as  did  the  Kantian 
hypothesis. 

Unfortunately  the  Kantian  hypothesis  was  made  to 
rest  on  the  untenable  view  that  the  rotatory  momentum 
of  the  system  would  arise  inevitably  from  the  centrip- 
etal action  induced  by  gravity  and  the  reaction  of 
atomic  repellency.  Other  mechanical  infelicities  crept 
in  also.  These  inhibited  any  modern  building  on  tin- 
Kantian  basis,  unless  its  dynamic  foundations  were 
replaced  by  sound  tenets,  and  tenable  substitute- 
did  not  offer  themselves  that  were  not,  in  essence, 
abandonments  of  the  Kantian  concept.  It  has  been  seen 
that  the  rotatory  momentum  of  the  planetary  system 
is  not  only  a  very  radical,  but  a  very  discriminative, 
element  in  the  dynamic  constitution  of  the  solar  system. 
It  has  already  appeared — and  the  observation  will  gain 
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in  force  as  >iu<l\  proceeds    that  the  dynamic  endow  - 

Is  ui  l)u-  xiin.  mi  tlu  .iii.l  ..1  the  pl.i: 

tin-  uthrr.  art-  in  su»  h  striking  «ontra-t  that  they  seem 
•jiplx  that  these  two  section-  «,i  the  solar  system  had 
•  rent  histories,  or.  at  least,  that  ><>mr  differentiating 

agency  entered  into  their  histories  in  ^u.  h  a  way  as  to 
Tasted  and  incongruous  endowments  of 
momentum.     The    «  rii  >ns    that    grew 

out   of  a   xtinly   «>i'   tlu-Nf  d  tl   i-ndowments,  far 

i  leading  back  toward  a  simple  evolution  from  a 
Minn  apportionmmt  of  primitive  chaos,  seemed  to 
it  <|uitr  spt-t-iiu-ally  in  the  oppoMtc  direction.     Thr 
observed  apportionnu-nts  of  mass  and   monu-ntum   in 
thr  solar  system  were  found  to  depart  widely  from  thr 
apportionments  naturally  assignable  to  a  systematic 
in.  nle  of  evolution  from  a  single  common  mass  segregated 
.1    the    primitive    ehaotie    univer>e.     The     Kantian 
hypt i thesis  seemed,  therefore,  so  completely  excluded, 
not  only  by  the  fallacious  ineehanii'al  i-oiu'ept  on  which 
it  was  based,  but  also  by  it-  evolutionary  unfit  ness  to 
t    the   requirements  of  the  case,   that   it  held    out 
no   induirmenl    to   >rri-  D    ii"    it- 

me*  hani-tit   inlClii  ities  eouhl  be  replaced  by  sound  ones, 
it   was  that    it   would   encounter  at  once  the 

more  seriou>  of  the  ditViailties  that  -und  to  bar 

out  the  Laplacian  hyp'  Whatever  place,  there- 

Kantian  views  may  be  entitled  to  hold  in 
general  cosmogony,  they  did  not  seem,  while  our  inquiry 
was  in  its  early  stages — still  less  do  they  now  seem— 

tonsi. it-ration  as  an  account 

:hr  way  the  earth  ami  its  fellow -planets  came  to  be 
what  they  a 
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Till    CKI  IK  \I.  FEATURES  OF  OUK  I'l  \\IT\RV  BY8T1  M 
li   i-  pleasant  now  to  turn  from  tin-  unwelcome  ta>k 
of  destructive  criticism,  however  unavoidable,  to  t hi- 
story of  constructive  effort,  to  an  endeavor  to  find 
the  physical  forebears  of  those  dynamic  features  of  our 
planetary  system  that  had  been  gathering  sharjn 
of  significance  as  the  inspection  incident  to  thc-e  criti- 
cisms proceeded.    Let  us  review   them    hastily    then 
before  turning  to   the  constructive   efforts    to   which 
they  led. 

i.  It  is  to  be  noted  with  emphasis  that  our  planetary 
system  is  a  closely  appressed  disk  of  revolving  bodies 
centered  on  an  invariable  plane;  and  that  the  total 
mass  of  the  planets  is  very  small  (yiy)  relative  to  the 
mass  of  the  sun.  If  the  sun  and  the  planets  are  the 
divided  parts  of  a  common  nebula,  the  process  of  parti- 
tion must  have  been  such  as  to  realize  this  very  unequal 
division  in  this  very  specific  form.  Such  an  extreme 
inequality  of  partition  seems  improbable  from  any 
centrifugal  or  other  agency  acting  proportionately  on 
a  common  mass.  The  extreme  flatness  of  the  discoidal 
form  points  to  some  powerful  genetic  agency  competent 
to  enforce  upon  the  system  the  appressed  configuration 
it  still  bears.  This  might  well  have  proved  one  of  tin 
strong  points  of  the  Laplacian  hypothesis  and  of  the 
whole  centrifugal  genus,  if  the  specific  details  had  not 
hem  found  so  seriously  adverse;  for  a  swiftly  rotating 
attenuated  mass  should  give  a  narrow  discoidal  con- 
figuration to  a  planetary  system  derived  in  this  way. 
Heterogeneous  assemblages  of  scattered  matter  coming 
in  from  various  directions,  however,  seem  to  be  still 
more  effectively  barred  out  because  they  appear  to  be 
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un -anted  t<>  i/.i\r  this  markedly  discoidal  configuration, 
and  this  singular  partition  of  material. 

2.  While  thr  disioidal  form  shuts  out  a  large  grot 

h\iH>theses,  the  departures  from  j>crfcct  symmetry  in 

the  masses  and  in  the  arrangements  of  the  planets  are 

While  th«  of  thr  planets  are 

subdnular,   they  are  yet  notably  eccentric,  varying 

11  0.00684   to  0.20560;    while   thr   eccentricities  of 

thr  orbits  of  the  plane  to  i  from  0.07631  100.2228. 

The  inclinations  of  the  planes  of  the  planets  to  the  plane 

•ic  earth's  orbit  vary  from  above  7°  downward.    The 

ital  planes  of  the  planetoids  are  notably  more  inclined, 

^ing  up  to  38°.    While  the  li  s  of  these  va: 

the  general  control  of  some  powerful  genetic 
agency  that  made  for  a  discoidal  form,  they  show 
equally  that  thr  control  was  nrithrr  wholly  complete  ; 

tly  unified.  The  variations  imply  the  influences 
of  deviating  agencies,  but  only  agencies  of  such  minor 
efficiriu  y  that  they  could  merely  superpose  small  di\ 
gencies  upon  the  symmetry  induced  by  the  master  force, 
only  are  all  the  planes  of  the  orbits  of  the 
planets  and  planetoids  inclined  to  the  equator  of  the 
sun.  hut  the  invariable  plane  of  the  planetary  system. 
a  dynamic  summation  of  the  planes  of  the  whole  plai 
ary  group,  is  inclined  to  the  plane  of  rotation  of  the  sun. 
though  the  sun  is  the  controlling  body  of  the  system  in  a 
gravit alive  sense.  This  imlina:  <>t  great  enough 

in  it^rlf  to  be  very  impressive,  but  it  falls  in  with  tin- 
other  vestiges  of  deviating  influence  and  adds  to  their 
significance.  The  inclination  of  the  sun's  plane  of  rota- 
i  gains  significance  when  it  is  recalled  that  it  affects 
744  of  the  745  parts  of  the  mass  of  the  system,  while 
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the  several  divergent  planes  of  thr  plain-Is  taken  all 
together  affect  only  one  of  the  745  parts.  The  signifi- 
cance is  not  so  much  in  the  fact  that  there  is  variation 
in  the  inclination  of  the  planes  of  the  individual  plunrN 
from  that  of  the  controlling  body,  as  that  their  composite 
value,  represented  by  the  invariable  plane  of  the  plain  t 
ary  system,  is  inclined. 

4.  The  central  controlling  body,  though  it  carries 
fjf  of  the  mass,  carries  less  than  2  per  cent  of  tin- 
revolutionary  momentum  of  the  system.    The  remain- 
ing T|T  of  the  mass,  in  the  form  of  the  planets  and  the 
satellites,  carries  above  98  per  cent  of  the  momentum.* 
This  disparity,  so  deadly,  it  would  seem,  to  all  centrifugal 
theories  of  genesis,  must  probably  prove  deadly  to  some 
or  all  of  such  other  theories  as  are  built  on  an  unsound 
dynamical  basis,  while  it  should  help  to  point  the  way 
to  a  tenable  theory.     It  is  a  severe  criterion;  its  applica- 
tion may  be  expected  to  narrow  greatly  the  range  of 
permissible  theories. 

5.  The  directions  of  rotation  and  revolution,  which, 
when  the  fathers  of  cosmogonic  effort  gave  forth  their 
hypotheses,  were  all  of  one  sense,  so  far  as  then  known, 
have  been  found,  as  discovery  has  proceeded,  increasingly 
divergent,    discordant,    and    puzzling.    This    recently 
reached  an  extraordinary  climax  in  the  discovery  that, 
while  the  majority  of  the  moons  of  Jupiter  and  Saturn 
revolve    in    harmony    with    their    primaries,    a    small 
minority,  two  in  the  Jovian  family,  one  in  the  Saturnian, 
revolve  in  the  opposite  direction.    This  is  a  climacteric 
anomaly. 

The  momenta  of  the  planetoids  are  not  here  included;  they  would 
somewhat  increase  the  disparity. 


iis[i\m\\  in   M.MK.I.S  ni   SOLAR  SYSTEM     71 

All  ..!  tlu  .  ritrria  involved  in  these  singular  features 
U  .my  hypothesis  that  is  entitled  to  be 

regarded  as  having  even  working  qualities;  they  must, 
arse,  be  fully  met  by  tlu-  true  theory,  as  well  as 
1   ir.it ures  that  have  not  been  cited.    The  list 
here  noted  falls  short  of  being  exhaustive,  but  even 
these  bring  into  view  a  series  of  criteria  whose  severe 
requirements  are  at  once  formidable  and  directive. 
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CHAPTER  IV 
FUTILE  EFFORTS 

When  some  fundamental  faith  on  which  one  has  long 
rested  gives  way  beneath  him  and  he  finds  himself 
plunged  in  a  sea  of  doubt,  it  is  in  the  natural  order  of 
things  that  he  should  flounder  awhile  in  the  endeavor 
to  find  a  new  bottom  or  a  new  float.  His  stress  is  all 
the  more  keen  if  he  awakens  at  the  same  time  to  a  realiza- 
tion that  unconsciously  he  has  built  freely  upon  his 
faith  and  that  many  a  pet  edifice  must  go  to  wreck  if  the 
foundation  is  really  gone.  No  one  quite  realizes  how 
much  of  accepted  doctrines,  of  current  interpretations, 
and  of  working  assumptions  have  been  built  subcon- 
sciously upon  the  nebular  hypothesis  and  upon  the 
derivative  doctrine  of  a  gaseo-molten  earth.  No  small 
part  of  the  traditional  tenets  of  geology  are  imperiled  if 
the  gaseo-molten  state  of  the  primitive  earth  is  really 
brought  into  question. 

While  there  was  only  partial  appreciation  of  this  at 
the  time,  it  was  felt  to  a  disturbing  degree.  At  in>t. 
however,  there  was  some  comfort  in  the  feeling  that 
there  were  many  alternatives  upon  which  it  was  easy 
to  fall  back  if  the  old  view  really  proved  untenable. 
If  the  earth  did  not  arise  from  a  gaseous  nebula  that 
shed  rings  to  form  planets,  it  seemed  a  li^ht  matter  to 
shift  belief  to  an  origin  from  a  meteoritic  swarm  that 
masqueraded  as  a  nebula,  or  to  an  aggregation  of 
meteorites  gathering  in  from  the  four  quarters  of  the 
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heavens.    Perhaps  stars  might  collide  iorm  into 

a  new  systen  ilae  might  enemmter  <»ne  another 

and  start  a  special  evolution,  or  some  other  «»f  thcposdbk 
permut.iti.»i:s  and  coml >in.it ions  of  celestial  agencies 
might  have  I'um  tinned  in  a  p  '  h  *uch  a 

plethora  of  alternative  it  was  easy  to  persuade  one's  self 
tha  tour  geologic  Urn  N  n  light  be  trans  i  <•  new 

cosmogonic  base  and  still  be  entertained,   if  the  old 

"ii  could  rarry  them  n<»  Inn. 

!  yet  the  que>tion  continue*  1   t,>  rUe  insistently: 
i    these  alt.  icepts  had   really 

escaped  the  stress  whuh  dynamical  laws  appeared  to 
put  on  tin-  mo>t  >ymnu-triral  and  complete  of  all  the 
inherited  hypotheses,  not  to  say  the  hypothesis  most 
honored  by  an  eminent  parentage  and  a  noble  clientele, 
the  vague  alternatives  any  better  grounded  than 
and    beautiful    hypothesis    of    Laplace? 
was  no  logical  resting-place  for  one's 
<•  short  of  some  definite  foundation  that  would 
stand  the  searching  tests  of  dynamics,  or  at  least  seem  to 
do  so.    It  was  idle  to  say  that  we  can  proceed  without 
basal  con«  t  hey  are  not  consciously  adopted,  they 

•.-i-i»»u>ly  insinuate  t  hcmselves  and  thus  take  on  their 
most  deceitful  forms.     The  unctuous  feeling  that  • 
dealing  *4only  in  solid  facts"  is  too  often  merely  a  tenuous 
subconscious  speculations  that  swarm  in  the 
turlml  substratum  of  thought.     It  is  easy  of  course  to  be 
•it  with  the  protruding  elements  of  thought  and  to 
neglect  the  assumptions  on   wlmh   they   unwittingly 
it  is  easy  to  be  quite  >ure  of  the  ol)tru>ive  prodiu-ts 
and  quite  unconscious  of  the  assumptions  and  specula- 
tions which    may   be   th<  buoy.    The  nearest 
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approach  to  security  that  can  be  attain* •<!  lio  in  tracing 
all  triK'ts  back  as  far  as  possible,  with  rritiral  examina- 
tion of  their  grounds,  yielding  assent  to  them  only  in 
proportion  as  they  link  thrmsrlvc-s  with  tin  lu-st  estab- 
lished principles  that  condition  natural  phenomena. 

INQUIRY  ALONG  OTHER  GASEOUS   LINES 

In  the  attempt  to  find  a  tenable  view  of  the  origin  of 
our  planetary  system — an  attempt  which  naturally 
followed  loss  of  faith  in  the  Laplacian  and  related  hy- 
potheses— no  success  was  had  along  gaseous  lines. 
The  tests  based  on  the  kinetic  theory  of  gases  and  on  the 
laws  of  dynamics  seemed  to  cut  a  deadly  swath  through 
all  assignable  outgrowths  of  gaseous  states  so  far  as  these 
have  had  to  do  with  our  own  planetary  system.  I  beg  that 
this  distinction  between  our  planetary  system  and  other 
possible,  and  probably  actual,  planetary  systems  be 
kept*  clearly  in  mind.  There  is  no  question  that  a 
certain  group  of  the  nebulae  are  gaseous,  and  th< 
good  ground  to  believe  that  such  nebulae  develop  second- 
ary systems — planetary,  planetoidal,  or  otherwise— 
along  consistent  gaseous  lines;  but  the  evidence  brought 
out  by  the  previous  inquiry  seemed  to  leave  no  ground 
to  believe  that  our  planetary  system  arose  in  this  way. 
All  efforts  in  gaseous  lines  appeared  thus  not  only  to  be 
futile  but  there  seemed  to  be  no  encouragement  for 
further  efforts  with  any  medium  over  which  laws  of  the 
collision-rebound  type  presided. 

INQUIRY  ALONG  METEORITIC   LINES 

To  this  last  category  belong  all  meteoritic  hypotheses 
of  the  quasi-gaseous  type,  that  is,  all  meteoritic  hy- 
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M  in  whirh  the  depi-  the  meteoric 

swarm  is  supposed  to  be  maintained  by  collisions  and 
rebound^  ui  tin-  constituent  meteorite,  sir  (,<-.,r-r 
Darwin  has  shown,  in  a  masterly  mathematical  study, 

i  meteorites  are  assembled  so  as  to  collide  and 

•!«1  in  a  miscellaneous  way  as  do  the  molecules  of 
gases,  and  i  h  .  llisions,  essentially  perfect 

elasti<  •  rough t  into  play  by  the  generation  of  gas 

ai  thi  1  the  instant  expansion  of  thi> 

gas,  the  whole  assemblage  will  follow  the  laws  of  a 
gaseous  body;  the  meteorites,  at  least  up  to  sizes  com- 
parable to  the  cannon  balls  of  former  days,  may  be 
treated  as  gigantic  molecules.1  The  uncertain  point  in 

deduction  lies  in  the  doubt   whether    meteorites 

'.i>ion  would,  as  a  matter  of  fact,  develop  the  elastic 

il  to  the  validity  of  the  conclusion.     If 

collapse  of  the  assemblage  would  apparently 

•re  rapid  than  that  of  a  true  gaseous  body  and  the 
evolution  of  heat  would  be  faster;  the  liability  to  pass 

.  true  gaseous  condition  would  thus  be  imminent. 
But,  whichever  alternative  obtained,  the  behavior 
of  a  quasi-gaseous  swarm  of  meteorites  would  follow  the 
same  general  course  as  the  evolution  of  a  gaseous  nebula. 
In  neither  of  these  meteoritic  alternatives  should  the 
swarm  normally  have  a  larger  ratio  of  centrifugal  momen- 
t  inn  to  mass  than  does  a  gas — nor  should  the  momentum 
be  better  distributed.  Now  Moul ton's  trenchant  studies 
have  shown  that  a  gas,  normally  distributed  according 
to  the  law  of  gases,  does  not  carry  enough  moment  of 
momentum,  nor  the  right  distribution  of  moment  of 
momentum,  to  develop  into  such  a  planetary  system  as 
ours.  At  first  sight,  the  quasi-gaseous  form  of  metcorit  u 
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hypothesis  has  its  attractive  feature-;,  but  on  closer 
scrutiny  it  appears  that  it  is  not  more  promising  than 
the  true  gaseous  hypotheses,  if  indeed  it  is  not  in  some 
respects  less  promising,  even  if  we  ignore  all  grounds 
of  doubt  as  to  the  reality  of  such  a  nebular  constitution. 
There  are,  however,  other  meteoritic  hypotheses. 
The  most  strictly  meteoritic  of  them  all  is  that  old 
view  which  took  its  cue  from  the  observed  habit  of  tin 
meteorites  that  nightly  illumine  our  present  sk 
From  this  it  reasoned  backward  in  logical  consistency. 
It  perhaps  alone  is  meteoritic,  in  the  strictest  sense,  in 
that  it  deals  with  true  meteorites  actuated  by  tin- 
demonstrable  habits  of  meteorites.  The  reasoning 
riins  as  follows:  The  earth  now  gathers  in  meteorites 
daily  by  millions;  there  must  be  just  so  many  millions 
less  in  open  space  today  than  there  were  yesterday;  there 
must  have  been  millions  more  at  each  earlier  interval 
than  in  each  later  one;  more  were  picked  up  daily  in 
early  times  than  now;  in  the  very  early  days,  the 
accretion  was  very  rapid  and  the  growth  fast.  This 
is  logical  thus  far;  but  the  hypothesis  halts  or  grows 
vague  just  when  it  should  press  on  sharply  to  the  initial 
point,  the  point  on  which  everything  hangs.  Up  to  its 
halt  the  working  basis  is  the  pre-existence  of  the  earth 
and  its  service  as  a  collecting-center.  The  hypothesis 
spends  its  force  upon  this  source  of  unquestioned 
growth  while  it  fails  to  point  out  the  origin  of  the 
mechanism  of  which  this  growth  is  an  incident.  When 
scrutinized  relative  to  the  essential  initial  condition, 
it  seems  specially  incompetent,  for  meteorites  are  seen 
to  be  plunging  through  space  with  various  velocities  in 
various  directions  and  in  a  very  sporadic  way,  except 
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as  they  are  the  relics  of  dispersed  comets  which  are 

themselves  scarcely  less  erratic.    The  velocities  of  the 

meteorites  are  so  various  and  high  as  to  imply  a  dis- 

e   rather    than   a  segregat  They 

no  suggestion  as  to  how  a  planetary  nucleus  could 

1'nnn    them.     Thrir    momentum    is    so    vastly 

<  ir  ^ravitative  power  that  the  conditions 

r  appear  to  be  distinctly  inimical  to  segre- 

•i  except  as  they  are  caught  by  some  masterful 

Even  if  this  fundamental  difficulty  could  be  avoided, 
it  does  not  appear  that  there  is  any  systematic  pre 
ponderance  of  infall  from  any  one  direction,  except  as 
local  showers  arise  from  dispersed  comets,  and  even  these 
are  as  heterogeneously  disposed  as  were  their  parent 
comets.  But  a  marked  preponderance  is  prerequisite 
to  the  disk -like  arrangement  of  the  planetary  revulu- 
one  of  the  most  pronounced  *  h  a  nut  eristics  of  the 

:>e>t  then  this  line  of  search  merely  leads  back  to 
ital  questions:  What  gave  origin  to  the  planetary 
centers  of  collection?  \\hat  made  the  planets  n 
nearly  in  the  same  plane  ?  Efforts  along  this  meteoritu 
line— the  true  meteoritic  line — seem  therefore  futile, 
if  the  sr.irrh  is  for  the  origin  of  the  planetary  system. 
tic  hypothesis  merely  lays  emphasis  on  a 
mode  of  growth — undue  emphasis,  it  would  appear, 
on  what  is  probably  a  merely  incidental  rather  than  an 
essential  mode  of  growth.  Meteoritic  growth  at  present 
is  so  extremely  small  as  to  be  practically  negligible,  as 
shown  by  Woodward  and  others.  There  is  little 
or  no  specifV  •  any  presumption  that 
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meteoritic  growth  ever  rose  in  geologic  time  to  appreci- 
able quantitative  value. 

The  naturalistic  mode  of  testing  this  hypothesis,  by  an 
appeal  to  the  vestiges  of  former  conditions  presented 
by  the  meteorites  themselves,  and  the  significant 
features  of  their  singular  structures,  is  of  the  same 
general  import.  Meteorites  have  rather  the  char- 
acteristics of  the  wreckage  of  some  earlier  organization 
than  of  the  parentage  of  our  planetary  system. 

In  a  third  class  of  views  grouped  as  meteoritic,  in  Un- 
loose sense  of  that  term,  nebulae  are  interpreted  as 
assemblages  of  meteorites  pursuing  orbits  about  a 
center  of  gravity.  The  orbital  feature  of  the  hypothesis 
carries  the  case  over  into  quite  another  field  of  dynamics, 
orbital  dynamics,  and  a  prompt  growl  of  protest  from  the 
traditional  "lion  in  the  way"  is  naturally  provoked.  It 
was  currently  held  during  the  last  century  that  the 
whole  field  of  orbital  evolution  was  effectually  burred 
by  the  deduction  that  retrograde  rotations  would 
result  from  the  aggregation  of  bodies  in  orbital  revolu- 
tion, because  as  a  matter  of  fact  the  larger  number 
of  rotations  in  our  planetary  system  are  coincident 
with  the  revolutions.  So  long  as  this  "lion  in  the 
way"  of  cosmogonic  adventurers  was  held  to  be 
living  and  real,  it  was  of  course  idle  to  seek  an 
origin  of  our  planetary  system  by  an  evolution  from 
meteorites  in  orbital  revolution  around  a  common 
center. 

But,  neglecting  this  traditional  difficulty  for  the  time 
being,  certain  other  limitations  affecting  evolution 
under  orbital  dynamics  are  to  be  taken  into  serious 
consideration.  The  cooling  and  shrinking  of  celestial 
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bodies  ha  <rt  on  tlu-ir  orbital  ni..ti..n>,  and  hence 

cooling  and  shrinkage,  wlmh  play  so  large  a  part  in 
familiar  cosmogoni.  h>  pothcscs,  have  no  vital  function 
in  evolution  under  orbital  conditions.  Under  such 
condition^  thr  vital  issue  <•  olio  tin^  <  niters  and 

omjuiu  tions  of  orbits.  If  small  bodies  pursuing  indi- 
vidual courses  cross  the  orbits  of  adequate  collecting- 
urnish  the  mechanism  of  growth.  Without 
adequate  collecting  centers  such  crossings  are  more 
likely  to  promote  fragmentation  and  dispersion  than 
aggregation. 

it*  thr  orbits  of  tlu-  small  bodies  to  be  gathered  into 
plain-is  strike  in  all  directions  promiscuously — are 
quaquavcrsal  as  the  geologist  would  say— it  is  clear  that 
ing  for  the  evolution  of  planetary 
disk  such  as  the  actual  case  requires.  The  concentra- 
tion of  such  a  quaqua versa!  system  tends  toward  a 
globular  aggregate  in  which  heterogeneous  coll 
prevail  More  or  less  concurrent  orbital  rcvol 
arc  required  to  give  rise  to  a  concentric  harmoniou> 
organization  of  discoidal  form.  Concentration  in  a 
quaquavcrsal  case  really  trends  in  the  direction  of  a 
gaseous  body  and  in  most  cases  of  notable  mass,  and 
complexity,  any  dose  concentration  of  the  assemblage 
with  little  doubt,  result  in  a  passage  into  an 

In  the  vital  matter  of  momentum,  the  tcnderu 
such  a  case  is  toward  a  low  value,  since  revolution^ 
in  opposite  directions  more  or  less  offset  one  another 
in  aggregation  and  only  the  algebraic  sum  of  the  indi- 
vidual momenta  remains.  Considered  thus  from  the 
critical  point  of  view  of  momentum  values,  the  case  is 
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unpromising.  Apparently  the-  only  line  of  escape  from 
this  untoward  trend  lies  in  postulating  a  distinct  pre- 
ponderance of  revolutionary  values  in  one  direction  over 


FIG.  i. — The  spiral  nebula  M  74  Piscium,  a  symmetrical  form, 
whose  two  arms  bear  a  notable  series  of  knots  that  seem  admirably 
adapted  to  be  collecting  centers  for  the  adjacent  nebulous  matter. 
Photographed  at  the  Lick  Observatory. 

those  in  all  other  directions,  which,  in  reality,  is  the 
abandonment  of  the  case  and  the  substitution  of  a  new 
case,  that  of  orbital  revolutions  dominantly  of  the  same 
phase. 


Mill  8l 

rs  a  nearer  approach  to  working 

;.iti"h-       It  seems  at  least  t<>  lie  in  the  ri^ht  direc  lion, 

iily  the  nal  bar  i^  nut  prohibitive.    When, 

h«»we\er.  lon.stnntivr  eth.r:  ucd  along  this  line, 

it  U-iomes  .  Minatory  to  point  out  <>r  to  populate 

with  reasons  therefor     tin-  necessary  •  ^  tenters 

in  ;  imber  and   relations     four  |>owerful  eenters 

to  gather  in  the  orbital  matter  to  form  the  four  great 

plai  i   nudium  efficiency  to  collect 

in.f  :u-  t'*»ur  minor  planets;  a  multitude  of  small 

.TOW  into  tlu-  hundreds  of  plaiu-t<>ids,  and 

withal  M-M-ral  small  groups  of  secondary  centers  revolv- 

around   the   planetary  centers  to  segregate   into 

satellites.     MatUT  in  orbital  motion  does  not  aggregate 

mple  fashion  that  obtains  with 

juired  nuclei  of  aggregation  do 

x-i-m  to  he  natural  rlrnu-nt  imple  spheroidal 

:ix«)idal  luhula  wlurc  each  small  body  is  pursuing 

an  orbit  of  it^  own.    Observational  •  •  s  of  nu< 

•  »j»ent  dynamital  reasons  for  their  origination,  do  not 
seem  to  be  at  hand. 

Such  centers  of  aggre^  marked 

lae,  whose  arms  are  singularly 

affected  by  knots  whu  h.  in  the  nature  of  the  case,  may 

be  confidently  assumed  to  function  as  collecting  centers. 

-e  >piral  nebulae,  however,  constitute  a  class  quite 

di>tiiut  from  spheroidal  aggregates  and  claim  attention 

•  n  ground-      It  i>  interesting  here  to  note, 

however,  that,  in  so  far  as  spheroidal  nebulae  are  con- 

modified  to  take  on  promising  qualities,  they 

approach  the  characters  possessed  in  a  more  eminent 

degree  by  spiral  nebulae  (see  Fig.  i). 
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INQUIRY  ALONG  COLLISIONAL  LINES 

More  than  a  century  ago  the  naturalist  HufiOn  ad- 
vanced the  theory  that  our  planetary  system  arose  from 
the  collision  of  a  great  comet  with  the  sun.  While  later 
knowledge  of  comets  has  rendered  this  view  quite 
untenable,  Buffon  gave  definite  initiation  to  the  col- 
lisional  genus  of  cosmogonic  hypotheses.  Collisional 
views  of  genesis  of  various  less  obviously  untenable 
types  have  been  entertained  since.  Without  doubt 
the  possibilities  of  collision  are  entitled  to  a  place  among 
cosmogonic  studies,  for  encounters  undoubtedly  occur 
and  almost  inevitably  they  must  be  followed  by  some 
form  of  reorganization  or  recollection  of  the  scat  tend 
matter,  though  this  does  not  necessarily,  nor  perhaps 
generally,  imply  a  reunion  into  a  single  body.  The 
question  in  hand,  however,  is  the  narrower  one:  Did 
any  form  of  collision  initiate  the  conditions  out  of  which 
our  planetary  system  arose?  The  verity  of  the  genus 
is  not  proof  of  the  species,  much  less  of  the  individual 
case.  Here,  as  before,  the  decisive  criteria  are  to  1>< 
sought  in  such  vestiges  of  its  earlier  stages  as  are  still 
borne  by  our  planetary  family. 

The  conditions  to  be  met  are  definitely  fixed;  the 
result  of  the  collision  must  yield  a  central  mass  of  the 
magnitude  of  our  sun ;  this  must  be  surrounded  at  once 
or  ultimately  by  eight  rather  large  masses  and  a  multi- 
tude of  small  masses,  all  in  subcircular  revolutions. 
These  smaller  masses  must  together  equal  about  y^y  of 
the  total  mass.  This  small  factor  must  carry  98  per  cent 
of  the  moment  of  momentum  of  the  whole  system. 

Now  center-to-center  collisions,  or  anything  approach- 
ing such  collisions,  seem  to  be  excluded  by  these  con- 
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the  impinging  body  were  small,  it  would 
be  simply  swallowed  up  in  the  great  solar  mass; 
were  sufficient    in    man   or    in    vrUity   completely    to 
traverse  the  solar  body,  the  result  probably  would 


.-.—The  ring  nebula  in 


lUtion  Lyra.    Photographed  at 


partake  of  the  nature  of  a  vortex  of  the  smoke-ring  type. 

ini;  nebulae  may  possibly  fulfil  the  requirements 

:ih  a  case,  though  other  possible  interpretations 

of  these  singular  objects  may  be  entertained  (Fig.  2). 

dissociation  no  doubt  would  follow  such  a 
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piercing  stroke,  since  the  velocity  of  collision  would  In- 
high  if  the  mass  of  an  average  star  were  involved.  The 
spectroscopic  natures  of  the  ring  nebular  tally  with  this 
presumption. 

It  is  difficult  to  imagine  a  case  of  head-on  collision  that 
could  leave  its  wreckage  in  a  state  suitable  for  gathering 
into  a  system  like  our  own,  for  radial  dispersion  i>  the 
normal  result.  The  only  case  of  promise  is  a  glancing 
collision;  that  at  first  seemed  to  be  quite  hopeful  and 
was  industriously  tried. 

In  cases  of  glancing  collision  certain  conditioning 
features  are  inevitable  and  need  to  be  taken  seriously 
into  account.  The  course  of  the  impinging  body  at  the 
time  of  impact  is  a  sharp  curve,  not  a  straight  line  as 
sometimes  pictured.  This  curvature  is  further  con- 
ditioned by  a  severe  tidal  strain  due  to  the  differential 
attraction  of  the  two  bodies  then  very  close  together,  and 
this  alone  involves  danger  of  disruption,  if  not  of  violent 
projection,  even  before  collision  takes  place.  If  tin- 
impinging  body  is  affected  by  high  internal  elastic  com- 
pression, expansion  enters  also  into  the  combination  of 
conditions,  since  gravity  is  neutralized  on  certain  lines 
and  supplemented  on  others  by  compression  and  this 
adds  to  the  disruptive  and  dispersive  tendencies.  Only 
in  an  exceptional  case,  if  at  all,  is  it  safe  to  assume  that 
an  impinging  body  at  the  instant  it  nears  collision  with  a 
massive  body  of  the  order  of  the  sun  can  maintain  its  integ- 
rity under  the  disrupting  influences.  If  it  is  gaseous  at 
the  start,  it  must  yield  freely  to  the  dispersive  tendencies. 

The  velocities  at  which  collisions  would  normally  take 
place  are  forbiddingly  high,  and  excessive  dispersion 
becomes  almost  inevitable.  The  case  in  hand  requires, 
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as  its  mini  inn  ni,  tin- mass  of  the  sun  plus  the  mass  of  the 
planets.    A  planetary  body  merely  falling  under  ^.i 

n  some  point  out-ide  the  -un's  normal  sphere 
control  would  have  a  velocity  of  the  order  of  three 
hundred  and  eighty  miles  per  second  at  the  instant 

>ion.  It  is  possible  to  escape  some  of  this  trouble- 
some ve  >  assuming  that  the  solar  body  was  in  an 
expanded  condition.  A  glancing  impact  would  then 
take  place  at  a  greater  distance  from  the  center  of 
gravity  and  the  velocity  would  be  correspondingly 

•  r.  It  is  scarcely  permissible,  however,  to  assume 
that  the  expansion  reached  the  orbit  of  the  innermost 
planet  about  to  be  formed,  for  that  would  pre\ 

deployment  of  that  planet.  And  so  the  velocity  of 
collision  could  not  well  be  reduced  below  fifty  miles  per 
second  by  postulating  expansion.  Even  this  cannot  be 
done  without  iiu  urring  some  incidental  difficulties,  for 
the  outer  border  of  so  expanded  a  sun  would  be  very 
attenuated  and  perhaps  formed  i  hu-ily  of  the  lightest 
gases,  which  would  not  be  felicitous  material  for  forming 
the  earth.  Perhaps,  however,  this  might  be  assigned 
to  the  colliding  body. 

It  is  difficult  to  picture  the  effects  of  collision 

::g  from  fifty  to  three  hundred  and  eighty 
miles  per  second.     Kxtreme  dispersion  would  seem  to  be 
perhaps    even    atomic    dissociation.    T In- 
line of  dispersion  should  radiate  from  the  point  of  impact, 
and  one  can  scarcely  imagine  the  formation  of  aggregates 

-erve  as  centers  for  the  collection  of  planets  in  the 

;>crsed  matter.  As  only  a  portion  of  one  or  both 
bodies  is  supposed  to  be  in  direct  collision,  the  rest 

lit  limit  the  dispersion  in  its  direction  and  give  it 
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the  semi-radial  form  seen  in  several  cases  in  the  heavens, 
of  which  the  two  great  nebulae  of  Orion  an-  tin  most 


FIG.  3. — The  Great  Nebula  in  Orion  and  the  Fish-Mouth  Nebula. 
Photographed  at  the  Yerkes  Observatory. 

notable  examples  (Fig.  3).    These  may  possibly  have 
been  co-partners  in  a  mutual  collision. 
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The  intensity  of  dispersion  and  its  divergent  radial 
nature  are  serious  difficulties  in  the  way  of  forming  a 
plausible  hypothesis  of  the  formation  of  a  planetary  sys- 

iuh  as  ours  as  the  sequel  of  a  glancing  collision. 
insjKTtion,  the  case  of  a  small  mcteorotdal 
nrlmla  driving  nearly  tangentially  into  the  very  at 
ated  border  of  a  large  solar  nebula  seemed  to  me  to 
present  a  hojH-ful  basis  for  such  a  hypothesis,  and  con- 
siders i  n  the  endeavor  to 
tind  lonsisu-nt  working  conditions  that  might  eventuate 

r  planetary  system,  hut  in  addition  to  the  infelici- 
ties of  dispersion  arising  from  high  velocities  of  collision, 
nth,  •  iblc  obstacles  arose. 

>  a  law  of  celestial  mechanics  that  bodies  thrown 

rbital  paths  by  encounters  must,  in  completing 
their  courses,  return  to  the  point  of  collision,  which  in 
Id  be  the  edge  of  the  sun,  or  of  the  body 
that  was  to  form  the  sun.  Of  course  bodies  might 
be  driven  off  so  violently  as  to  fly  beyond  the  sphere  of 
o>ntml  MI"  the  solar  mass  and  be  irrecoverable,  and  this 
would  be  a  rather  imminent  contingency,  but  ail  such 
dispersed  matter  as  remained  under  solar  control— and 

>i  course  included  all  that  could  enter  into  the 
formation  of  planets — was  compelled  to  come  back  to  the 

•i  i  ollixion  and  be  subject  to  renewed  collision,  and 
so  on  indefinitely.  Some  partial  escape  from  these 
fatal  conditions  might  arise  in  the  case  of  such  molecules 
or  other  highly  elastic  bodies  as  experienced  secondary 
collisions  in  the  course  of  their  (lights  and,  by  reaction 
from  these,  established  new  orbits,  with  a  necessity  of 
returning  to  the  point  of  this  secondary  collision  where 
the  chance  of  a  new  encounter  might  be  lessened. 
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There  mi^ht  also  be  some  escape  when  the  attraction 
of  the  impinging  body,  after  collision,  drew  the  living 
matter  into  new  orbits,  if  the  impinging  body  remained 
in  a  sullu  icntly  aggregated  state  to  exert  any  appreciable 
centralized  attraction.  The  effectiveness  of  either  or 
of  both  of  these  diversions  working  together  is  very 
doubtful.  In  any  case  the  new  orbits  were  likely  to 
remain  very  eccentric  and  to  have  their  perihelion 
I >< tints  near  the  sun. 

There  are  ways  in  which  eccentric  orbits  may  be 
reduced  to  subcircularity,  but  the  extreme  eccentricity  of 
the  orbits  that  would  arise  from  collision,  and  the 
difficulty  of  rinding  any  applicable  and  adequate  agency 
for  the  reduction  of  these  orbits  to  the  requisite  sub- 
circular  form  of  the  present  planetary  orbits,  and  for 
giving  them  the  spacing  of  the  existing  system,  seemed 
to  be  so  far  insuperable  that  constructive  effort  in  this 
line  was  abandoned.2 

This  disappointing  outcome,  however,  had  a  directive 
effect.  As  in  the  inquiry  on  meteoroidal  lines,  the 
results  suggested  the  general  direction  in  which  a  suc- 
cessful hypothesis  must  probably  lie.  Even  more 
directly  than  in  the  meteoroidal  case,  they  pointed 
to  spiral  nebulae  as  promising  forms.  Celestial  col- 
lisions were  indeed  one  of  the  sources  to  which  the  origin 
of  spiral  nebulae  was  then  referred.  While  such  a 
genesis  of  spiral  nebulae  could  scarcely  be  regarded  as 
supported  by  the  considerations  we  have  just  reviewed, 
some  related  source  might  perhaps  be  found  to  fit 
both  the  origin  of  the  spirals  and  the  genesis  of  our 
planetary  system.  The  supreme  weakness  of  referring 
spiral  nebulae  to  eccentric  collisions  lies  in  the  fact 
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that  such  an  origin  implies  a  single  spiral  arm  or  set  of 
springing  from  the  side  of  the  nucleus  at  which  the 
million  took  place,  whereas  spiral  nebulae  habitually 
show  too  arms  or  sets  of  arms  arising  from  diametrically 
opposite  sides  of  the  central  mass.  Some  other  source 
for  spiral  nebulae,  and  for  our  planetary  system  alike. 
seenu  ated  by  the  >tuo!y  «>f  <  olli si, ,nal  effects. 

Hut   the  "linn"  was  in  the  way  her  e  deploy- 

1  nebulae  makes  it  ,  v  improbable 

that  their  arms,  their  knots,  and  their  Mattered  i 
have  any  1  Mip|x>rl  such  a>  the  rating  of  the 

parts  on  the  inner  parts,  as  in  the  case  of  gaseous 
Kach  part  must  obviously  move  in  an  inde- 
pendent path  and  be  supported  by  its  own  moving 
-e  bodies,  above  perhaps  any  other 
nehulnu>  form  in  the  heavens,  lay  under  the  rotational 
ban.    All  >iuh  bodies,  it  was  said,  should  h. 
grade  rotations,  whereas  most  of  the  planets  have  forward 
Ii  thi>  'lion  in  the  way"  was  a  real  lion,  it 
was  idle  to  waste  time  on  spiral  nebulae,  unless  it  could 
be  shown  that  the  lion  was  chained  to  some  special  case 
:m  h  the  creative  process  had  in  some  way 
avoided  in  forming  our  >y>tcm. 
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CHAPTER  V 
THE  FORBIDDEN  FIELD 

As  already  noted  once  and  again,  then  M vmrd  i<>  IK-  a 
lion  in  the  way  of  entering  the  field  of  orbital  organi/a- 
tion  in  search  of  the  origin  of  our  planets — an  ad\v 
argument,  a  hostile  demonstration,  so  clear  and  cog(  nt 
that  it  stood  as  a  prohibitive  ban.  It  ran  in  this  wix  : 
In  every  body  rotating  as  a  spheroid,  or  as  a  disk,  or  as  a 
coherent  ring,  the  outer  part  moves  faster  than  the  in  in  -r 
part,  and  hence  if  a  ring,  or  any  symmetrical  section, 
separates  and  condenses,  the  faster  outer  parts  swin^ 
forward  around  the  slower  inner  parts  and  the  rotation 
is  forward  in  all  normal  cases.  The  argument  is  made 
all  the  more  conclusive  if  it  is  observed  that,  even  before 
separation  and  condensation,  the  outer  part  was  swing- 
ing round  the  inner  part  once  with  every  rotation  of  tin- 
whole.  The  part  in  question  thus  already  had  a  for- 
ward rotation,  and  this  rotation  would  of  course  be  accel- 
erated by  any  contraction  that  might  follow  (Fig.  4). 
On  the  other  hand,  if  the  spheroid,  disk,  or  ring  were 
formed  of  discrete  particles,  each  revolving  in  its  own 
independent  orbit,  the  inner  particles,  as  a  necessity  of 
the  orbital  state,  must  move  faster  than  the  outer  ones, 
and  so,  when  any  symmetrical  section  of  these  inde- 
pendent bodies  collects  into  a  single  mass,  the  higher 
velocity  of  the  inner  bodies  imparts  a  retrograde  rota- 
tion to  the  conjoined  mass  (Fig.  5).  The  reasoning 
seems  irreproachable. 
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Hut  is  this  seiond  awe  really  representative?    Does 
:>g  to  the  type  of  organization  we  wish 
it   :»  trial  as  a  possible  source  of  origin  of  our 
planets  ? 

It  is  clear  that  the  case  was  fashioned  from  thepiiture 
of  Laplacian  rin^s.  Saturnian  rings,  and  similar  sym- 
me  1 1 ;  regular  concentric  arrange- 

iiits   obtain-.     In   these  cases  it 
was  taiitly  assumed  that,  in 
.ij,   the  orbits   would 
ilar  and  the  con- 
ric  arrangement  continue 
:',      \\  it  In  »ut    con- 
sciously   specifying    it.    tin 
kf  process  appears  to 
have  been  assumed  to 
from  a  symmetrical  enlarge- 
ment of  the  inniT  orbits,  or 
a   symmetrical    shrinkage  of 
the  orbits,    or    both 

together,   with    no   essential 
alteration  of  their  romrntrh 
relations  or   thrir  <  in  ular 
And    yrt    it    is   <U-ar 
that   if   the   orl»its  were  so  slightly  disturbed  or  dis- 
1   that  a  faster-moving  inner  body  should 
•ily  so  far  as  to  strike  a  neighboring  body  on  its 
outer  half  rather  than   its   inner   half,    the   two  bodies 
1   rotate  forward.     This   illustration,   to   be   sure. 
in\« lives  a  special  assumption  that  is  perhaps  not  normal 
to  the  case,  but  it  serves  to  show  how  slight  a  variation 
of  condi:  .  rses  the  re- 


4.— RK  represents  a 
ring  of  gas  moving  as  a  unit 
and  hence  the  outer  portion 
the  faster 

a  spheroid  rally  loca- 

•  he  rotation  is  forward,  as 
shown  by  the  arrow. 
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Now  in  a  spiral  nebula  there  is  no  reason  to  suppose 
that  the  knots,  or  the  particles  of  the  haze,  revolve  about 
the  center  of  gravity  of  the  nebula  in  orbits  that  arc 
cither  strictly  circular  or  closely  concentric  with  one 
another.  On  the  contrary,  there  is  reason  to  suppose 
that  these  orbits  are  rather  notably  elliptical  and 
rather  diversely  related  to  one  another,  so  that  they  cross 

in  various  ways  and  at 
different  angles,  though 
in  a  general  way,  fairly 
concordant.  Something 
of  this  sort  would  un- 
doubtedly be  true  '  of 
orbits  arising  from  col- 
lisions— and  probably 
also  of  meteoroidal  or- 
bits. Observation  and 
theoretical  inference 
alike  imply  that  circular 
orbits  are  the  exception 
in  the  heavens  rather 
than  the  rule.  Even  in 
a  sub-circular  system 
like  our  own,  the  ellip- 
tic ities  of  the  orbits  are 
far  too  great  to  make  it  safe  to  predict  the  precise  way  in 
which  one  planet  would  strike  another,  if  their  orbits 
were  so  shifted  as  to  make  a  collision  possible.  Before 
the  results  of  a  conjunction  of  revolving  bodies  can  be 
treated  safely,  it  is  necessary  to  consider  the  specific 
modes  in  which  conjunctions  may  occur  and  the  veloci- 
ties that  obtain  at  the  instant  of  collision. 


FIG.  $—PP  represents  a  belt  of 
planctesimals  revolving  concentrically 
about  the  center,  5.  If  these  collect 
about  the  central  point  of  the  belt 
into  a  spheroid,  E,  by  the  enlargement 
of  the  inner  orbits  or  the  reduction  of 
the  outer  ones,  the  concentric  arrange- 
ment remaining,  the  rotation  will  In- 
retrograde,  as  shown  by  the  arrow. 
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In  tin-  first  plan-,  ttu-  m<>.  of  a  body  in  an 

cllij.tii.il  ..rl.it.  instead  «>i  being  uniform — as  is  the  case 
of  a  body  in  a  perfectly  circular  orbit  varies  from  a 

•mm  speed  when  nearest  the  controlling  body,  to 
a  minimum  speed  t.  in  the  second 

place,  conjunction  in  elliptical  orbits  <>f  dinYrmt  types 
can  take  place  at  certain  \ ••  .i n ts  only.  A  planetary  body 

:ig  in  an  outer  elliptical  nrl.it  ran  come  into  col- 
lision with  a  body  in  an  inner  elliptical  orbit  only  when 
some  part  of  the  outer  swing  of  the  inner  orbit  (the 
aphelion  port;  :uides  with  some  part  of  the  inner 

swing  of  the  outer  orbit  (the  perihelion  portion).  The 
whole  case  of  rotatory  effects  hangs  on  the  relative  mo- 
tions of  the  two  bodies  in  these  portions  of  their  orbits 
irrespective  of  their  mean  velo.  t  heir  whole  orbits. 

implest  case  i<  that  in  which  the  aphelion  point  of 
of  the  inner  orbit  coincides  with  the  j>erihclion  point  of 

iterorbi-  point  i-  then  the  only  one  at  which 

the  bodies  in  the  two  orbits  can  come  together 
stances  of  this  type  are  illustrated  in  Fig.  6.    The  rela  t  i  \  e 
velocities  in  such  cases  are  of  course  mathematically  cle- 

nable,  but.  without  computation,  it  i  -  easy  to  see  the 
essent  -imple  inspection.  Starting  at  either 

of  contact  it  may  be  seen  that  the  inner  body 
lacks  y  to  maintain  its  distance  from  the 

controlling  center,  5,  for  it  falls  back  gradually  toward 
this  center  as  it  proceeds  until  by  so  doing  it  acquires 
velocity  enough  to  carry  it  back  and  out  to  the  point 
of  coi  '  >n  the  other  hand,  the  body  in  the  outer 

orbit  at  the  point  of  contact  has  more  than  enough 
velocity  to  maintain  its  distance  from  the  controlling 
r  it  gradually  increases  its  distance  until  by  so 
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FiG.  6. — Diagram  illustrating  the  condition  under  which 
may  take  place  in  elliptical  orbits  of  the  planetary  type.  S  represents 
the  solar  mass  at  the  center  of  the  system,  R  the  planetary  nucleus,  B  its 
orbit,  p  a  planetesimal  in  the  orbit  A ,  smaller  than  B,  and  P  a  planetesi- 
mal  in  orbit  C,  larger  than  B.  The  case  has  been  so  chosen  as  to  n 
sent  at  once  the  smallest  and  the  largest  orbits  of  typical  eccentricity  that 
can  come  into  contact  with  the  orbit  of  the  planetary  nucleus.  The  mini- 
mum extreme  is  found  when  the  aphelion  point  of  the  small  ellipse  A  coin- 
cides with  the  perihelion  point  of  the  orbit  of  the  planetary  nucleus  B. 
In  no  other  position  can  the  orbit  A  touch  the  orbit  B.  The  maximum 
extreme  is  found  where  the  aphelion  point  of  B  coincides  with  the  peri- 
helion point  of  C.  In  no  other  position  can  these  orbits  touch.  Between 
these  limiting  phases,  represented  by  the  orbits  A ,  and  C,  there  are  an 
indefinite  number  of  possible  planetesimal  orbits  that  might  cut  the 
orbit  J5,  but  in  all  cases,  except  where  the  orbits  were  like  B,  conjunction 
could  arise  only  when  a  more  or  less  aphelion  portion  of  an  inner  orbit 
touched  or  crossed  a  more  or  less  aphelion  portion  of  B.  If  the  orbits 
were  equal,  the  velocities  at  the  crossings  would  be  equal  and  the  rotating 
effects  would  be  nil,  or  neutralized,  and  if  they  were  nearly  equal,  the 
difference  would  be  slight,  so  that  the  effective  cases  are  those  of  the 
extreme  classes  represented.  Further  explanation  is  given  in  the  text. 
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doing  its  velocity  is  sufficiently  reduced  to  permit  it  to 
swing  back  and  in  to  tin  point  <>f  contact.  It  appears 
therefore  that  at  the  point  of  contort  the  body  in  the 
larger  nrl.it  is  moving  faster  than  the  body  in  the  smaller 
orbit.  «;  pn-tise  reversal  of  the  traditional  deduction  that 
served  iw  a  prohibitive  ban. 

however,  does  no:  the  whoU-  case.    A 

simple  reversal  of  the  traditional  dictum  falls  short  of 
the  essential  truth,  for  elliptical  orbits  may  come 
together  in  a  multitude  of  ways,  and  from  these,  con- 
trary effects  may  arise,  though  the  mean  effects  are 
of  the  >.ime  general  phase  as  in  the  special  case  chosen 
for  illustration  I  or  example,  let  the  out  i;  of  a 

smaller  elliptical  orbit  cut  across  the  inner  swing  of  a 
larger  clliptital  orbit.  The  effects  of  an  encounter  will 
then  depend  on  the  precise  point  at  which  the  colli>ional 
>troke  takes  place,  even  though  the  body  in  the  larger 
orbit  i»  moving  faster;  lor  if  ti  r  body  in  the  outer 

orbit  overtakes  the  slower  body  in  the  inner  orbit  as  the 
approaching  the  crossing,  the  inner  >ide  of 
r  body  will  strike  the  outer  side  of  the  ll 
body  and  the  joint  rotational  effect  will  be  forward; 
but  if  the  slower  body  in  the  inner  orbit  has  already 
passed  the  crossing,  the  outer  side  of  the  swifter  body 
will  strike  the  inner  side  of  the  slower  body  and  the  joint 
rotation  will  be  retrograde.  Between  these  two  cases 
there  i>  an  ideal  center-to-ccnter  collision  with  no  rota- 
tory effect.  When  a  multitude  of  cases  are  involved,  as 
in  the  growth  of  a  planet  from  many  small  bodies,  all 
possible  phases  are  likely  to  be  realized  and  the  rotational 
result  will  be  merely  the  algebraic  sum  of  the  diverse 
effects.  What  the  balance  of  opposing  tendencies  will 
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be  can  be  foreseen  only  from  the  probabilities  of  tin- 
case;  these  may  not  be  decisive  in  particular  cases,  but 
will  be  trustworthy  for  the  majority  of  cases. 

If  the  little  bodies  to  be  gathered  in  to  form  tin- 
planet  are  very  numerous  and  their  irregularities  of 
distribution  and  of  movement  ;ire  such  as  to  give  miu  h 
the  same  effect  as  uniformity  in  the  net  result,  tin- 
spaces  within  which  the  two  classes  of  collisions  are  liable 
to  take  place  may  be  taken  to  represent  fairly  tin 
probabilities  of  the  case.  These  spaces  for  that  belt 
in  which  the  opposing  effects  are  most  pronounced  and 
important,  and  essentially  decisive,  are  shown  in  Fig.  7. 

1 1  will  be  observed  that  the  inner  section  in  the  cylin- 
drical track  of  the  planet  wherein  collisions  favor  forward 
rotation  is  notably  greater  than  the  outer  section  wherein 
collisions  favor  retrograde  rotation.  If  similar  belts, 
within  the  two  chosen,  were  inspected,  until  the  whole 
of  the  planets'  track  were  covered,  the  results  would  be 
of  the  same  nature.  The  differences  in  the  opposing 
effects  would  be  found  to  decline  as  the  belts  approach 
one  another  and  the  rotational  effects  to  trend  toward 
zero.  Of  course  the  distribution  of  the  small  indepen- 
dent bodies  may  not  be  uniform,  even  in  the  aggregate, 
and  the  effects  of  their  inequalities  may  offset,  in  greater 
or  less  degree,  the  normal  advantages  in  favor  of  forward 
rotation.  So  also,  their  distribution  may  be  such  that 
the  net  impact  values  on  one  side  or  the  other  of  the 
orbital  plane  of  the  planet  may  exceed  those  centered  in 
that  plane,  and  a  more  or  less  oblique  rotation  may 
result;  indeed  this  is  almost  inevitable,  and  it  may  rise 
to  notable  consequence.  In  harmony  with  this,  nearly 
all  the  rotations  of  planets  are  oblique. 
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These  deductions  are  made  on  the  assumption  that 

n«»t  already  rotating.     But  if  rotati 
already  established,  the  effects  will  be  modified  in  a 
\  t  (Testing  way.    If,  for  example,  the  planet  already 


•In  this  diagram,  5  represents  the  sun;  £,  a  representative 
Bg  toward  the  perihelion  of  its  orbit  and  about  to  encounter 
*  bodies,  ppp  (pUneterimals),  in  the  aphelion  portion  of  their 
>its  which  are  smaller  than  the  orbit  of  £,  and  are  hence 
er  than  K.  £  is  to  be  imagined  to  be  spherical  and  its  track 
Irical.  £'  represents  another  position  of  the  same  planet 
urd  the  aphelion  point  of  its  orbit  and  about  to  be  overtaken 
crete  bodies  (/»'  >  in  the  perihelion  parts  of  their  elliptical 
are  larger  than  that  of  £'  and  are  hence  moving  faster  than 
ipttdty,  only  belts  of  the  breadth  of  £  and  £*  are  represented 
omplctc  inspection,  it  is  only  necessary  to  draw  similar  belts 
two  chosen  until  the  whole  orbit  of  £-£*  b  covered.  On  the 
••  tigurr,  the  shaded  area  represents  the  only  portions 
i  of  £  and  of  the  little  bodies  (ppp)  that  are  common  and 
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has  a  forward  rotation,  it  will  be  seen,  on  inspecting 
tin-  kit-hand  section  of  the  figure  again,  that  the  rota- 
tory motion  of  the  outer  part  of  the  planet  will  increase 
the  impact  values  on  that  side — which  favors  retrograde 
rotation — while  the  backward  motion  of  the  inner 
limb  of  the  planet  will  reduce  the  value  of  the  impacts 
on  that  side  which  favor  forward  rotation.  These  two 
co-operating  influences  thus  tend  to  counteract  the 
normal  effect  whiclT  favors  forward  rotation.  It 


where  alone  collisions  can  take  place.  Since  E  is  here  moving  faster 
than  ppp,  it  is  obvious  that  encounters  on  its  inner  half  favor  forward 
rotation,  while  encounters  on  its  outer  half  favor  retrograde  rotation. 
R  represents  retrograde  effect,  and  F,  forward  effect. 

Inspection  shows  that  the  inner  section  of  E  within  which  collisions 
favoring  forward  rotation  can  take  place  is  notably  greater  than  the 
outer  section  within  which  collisions  favoring  retrograde  rotation  can 
take  place,  and  hence,  if  there  is  an  equable  distribution  of  the  small 
bodies,  E  is  likely  to  acquire  a  forward  rotation. 

On  the  right-hand  side,  the  small  discrete  bodies,  p'p'p't  move 
faster  than  E'  and  in  overtaking  E'  on  its  outer  side  tend  to  give  it  forward 
rotation,  while  if  they  strike  on  the  inside,  they  tend  to  impart  retro- 
grade rotation.  The  preponderance  of  space  here  forces  forward 
rotation  as  before.  Inspection  shows  that  the  same  would  be  true  of  the 
additional  belts  required  to  cover  the  whole  path  of  £,  £',  but  the 
difference  of  effect  would  be  less  in  these  interior  belts.  The  belts  chosen 
are  those  in  which  the  difference  of  effect  would  be  greatest. 

These  conclusions  are  drawn  on  the  assumption  that  E  had  no  rota- 
tion at  the  start. 

If  E  already  had  forward  rotation,  inspection  of  the  figure  shows  that 
the  rotation  would  tend  to  increase  the  force  of  the  impacts  in  the  outer 
section  on  the  left  of  the  figure  favoring  retrograde  rotation,  and  to 
diminish  those  favoring  forward  rotation  and  would  hence  be,  to  this 
extent,  unfavorable  to  increase  of  forward  rotation,  as  explained  in  the 
main  text.  If  E  already  had  a  retrograde  rotation,  inspection  shows  that 
the  force  of  the  impacts  favoring  forward  rotation  would  be  increased 
and  that  of  those  favoring  retrograde  rotation  reduced.  The  accessions 
would  then  tend  to  arrest  the  retrograde  rotation  and  ultimately  to 
reverse  it. 
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seen  that  if  the  previous  rotation  already  had  a 
n  speed,  this  counteracting  effect  would  be  suffi- 

•  ient  to  neutralize  any  assigned  normal  effect  and  there 
would  then  be  no  acceleration  of  the  previous  rot 
So,  too.  tlu-   inherited  rate  of  rot. it  inn   mi^ht  be  such 
that  this  counteracting  effect  would  exceed  the  n< 
effect  and  tend   to  retard  tlu-  rotation.     The  argu 
holds  equally  well  when  applied  to  the  condition,  n -pre- 

:  in  tlu-  right-hand  section  (Jf  the  diagram 
the  relations  of  the  planet  and  small  independent  bodies 
an-  reversed. 

•:n  these  considerations  there  springs  the  very 
important  conclusion  that  there  is  an  equilibrium  value 
for  rotation  in  cases  of  this  kind.  If.  for  any  reason,  the 
planet,  while  undergoing  accretion,  acquires  a  rotational 
speed  above  this  value,  the  counteracting  effect  of  the 
accessions  will  tend  to  depress  the  rate  of  rotation  until 
the  equilibrium  rate  is  reached.  If  the  rotation  falls 
below  the  equilibrium  rate,  the  effect  of  the  accessions 
is  to  raise  it  to  the  equilibrium  value.  If  the  distri- 
bution, or  the  forms,  or  the  proportions  of  the  little 
infalling  bodies  are  changed,  the  equilibrium  rate  of 
b  likely  to  change  also,  and  the  net  effects  of 
further  accessions  will  tend  to  change  the  rotation  that 
prevailed  before  the  change  to  the  new  equilibrium  rate. 
•luis  an  automatir  regulative  system  by  which 
made  to  oscillate  about  an  equi- 
librium value. 

It    appears   then    that   planetary   rotations   arising 
from  the  accretion  of  multitudes  of  small  discrete  bodies 

•'..H  in  elliptical  orbits  are  more  likely  to  be  forward 
than  backward,  tl  are  likely  to  be  more  or  less 
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oblique,  and  may  even  be,  in  exceptional  cases,  so  highly 
oblique  as  to  l>e  in  eft'eet  retrograde. 

It  appears  further  that  the  net  rotational  result  of 
many  accessions  is  merely  the  equated  value  of  their 
opposing  effects,  and  that  the  rotation  is  likely  to  os(  il- 
late  about  an  equilibrium  value.  This  value  is  very 
far  from  the  simple  sum  of  the  impact  values  of  all  the 
little  bodies.  Extremely  high  rotations — such,  for 
example,  as  would  lead  to  centrifugal  separation — serin 
unlikely  to  arise  under  these  conditions;  more  likely 
varying  values  of  moderate  rates  only,  affected  by  more 
or  less  obliquity,  would  result.  An  orbital  state  of 
nebular  matter  is,  therefore,  not  only  not  a  condition 
prohibitive  of  forward  rotations,  but  is  a  condition  dis- 
tinctly tributary  to  it.  It  seems  peculiarly  suited  to 
give  just  such  rotations  as  our  planetary  family  actual ly 
presents,  if  indeed  it  does  not  furnish  the  sole  condition 
under  which  such  a  singular  group  of  rotations  could 
naturally  arise. 


i  HAPT1  K  VI 

I>\  \\MIC    !.\C<M  \  I!  R  BY  CLOSE  APPROACH 

The  inquiry  which,  at  the  outset,  had  led  to  destruc- 
tive criticism  and  later  to  futile  construe  live  efforts  on 
old  lines,  now  turned  into  a  path  of  its  own.  The 
i  promising  endeavor  had  been  greatly  narrowed. 
The  previous  inquiry  had  given  hints  of  dynamic  kin- 
ships in  the  celestial  kingdom.  These,  emerging  later 
into  clear  light,  broadly  defined  the  issues  and  sharp- 
ened the  criteria.  The  dynamic  features  of  the 
solar  system  had  betrayed  two  distinct  genetic  strains, 
one  clearly  featured  in  the  central  body,  where  great 
man,  low  momentum,  and  an  oblique  attitude  were 
•ic  char.  i;  tin  other,  equally  clearly 

featured  in  the  brood  of  attendants,  where  high  momen- 
tum, low  mass,  and  an  appressed  form  were  generic 
chara  While  without  doubt  the  planetary 

brood  were  the  offspring  of  the  central  body,  decentral- 
ized factors  of  the  sun.  there  were  unmistakable  signs  of 
another  parent.  The  planetary  system  must  clearly  have 
had  a  bi-parental  origin;  it  must  have  been  dioecious, 
as  a  botanist  would  say.  If  so,  all  mono-parental  or 
monoecious  modes  of  generation  must  be  regarded  as 
excluded.  No  form  of  self-segregation  from  primitive 
chaos  or  quasi-chaos,  no  form  of  self-partition  of  gase- 
ous, quasi-gaseous,  meteoritk .  or  sporadic  aggregates, 
no  form  of  self-generated  centrifugal  separation  of  a 
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common  mass,  could  supply  the  two  dynamic  strains  so 
(li>tiiu  tly  portrayed  in  tin-  .^enetu  feature-  of  the  solar 
family.  Each  of  the  monoecious  modes  nn'^ht  perhaps 
be  the  fissiperous  or  parthenogenic  parent  of  appropriate 
celestial  families  born  under  suitable  conditions,  at 
various  times  and  in  various  places  in  the  celestial 
kingdom,  but  not  the  parent  of  our  planetary  family. 

Partition  by  collision,  on  the  other  hand,  is  a  bi- 
parental  process  and  its  offspring  should  betray  their 
double  parentage  and  bear  bi-parental  characteristics. 
Beyond  question  collision  has  stood  in  a  parental 
relation  to  new  celestial  evolutions,  but  of  a  very  radical 
decentralized  type.  The  intensely  dispersive,  dissocia- 
tive, and  decentralizing  nature  of  collisions  seems  to  be 
ill-fitted  for  the  genesis  of  such  a  planetary  system  as 
ours;  collision  apparently  has  had  a  much  more  radical 
disintegrating  function  to  serve  in  celestial  economy. 
Its  very  violent  action  is  thought  to  have  given  rise  to  a 
radically  dissociative  species  of  the  dioecious  genus; 
our  planetary  system  must  apparently  be  the  offspring  of 
a  kindred,  but  milder,  less  decentralizing,  species  of  the 
same  genus. 

DYNAMIC  ENCOUNTER  WITHOUT  COLLISION 

A  hint  of  what  we  now  believe  to  be  the  true  line  of 
descent  was  caught  from  a  mathematical  study  of 
satellites  made  by  Roche  long  ago.1  By  a  beautiful 
deductive  investigation,  Roche  showed  that  if  a  satellite 
were  made  to  approach  its  primary  on  an  inrunning 
spiral,  it  would  not  preserve  its  integrity  until  it  came 
into  contact  with  the  surface  of  the  primary  but,  at  a 
distance  of  2.44  times  the  radius  of  the  latter,  the  satel- 
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lite  would  be  torn  asunder  by  the  differential  attraction 
•he  primary,  provided  both  primary  and  satellite 
B  of  tlu-  same  homogeneous  ition,  and  pro- 

(I  cohesion  and  other  modifying  conditions  were 
neglected.    The  special  case  has  little  obvious  bearing 
the  genesis  of  planets,  but  it  brought  into  a  strik 
concrete  form  a  principle  of  action  which,  when  general- 
ized and  modified,  seemed  to  shed  a  suggestive  light  on 
planetary  origin. 

In  large  bodies  corn  little  moment  relatively, 

when  matched  against  gravitation.    In  bodies  that  are 
gaseous,  cohesion   is  replaced  by  internal   repellei 

11  in  >olid  bodies  of  the  planetary  order,  the  state 
of  internal  compression  probably  calls  into  play  degrees 
of  elast  my  that  more  than  match  cohesion. 

If  gravitation  were  neutralized  by  counter-attraction, 
our  planet  would  certainly  expand  vigorously  in  spite  of 
rsion.  In  bodies  of  high  internal  temperature,  the 
elastic  repclK  IK  \  rises  to  a  potential  source  of  powerful 
expansion.  In  the  sun,  there  is  a  persistent  eruptive 
tendency  of  great  power.  At  >hort  intervals,  great 
bolts  of  SUM  substance  are  shot  forth  at  high  velocities 
(see  Figs.  8,  9,  10  and  n).  This  takes  place  without 
any  obvious  outside  stimulus,  or,  if  there  be  such  stimu- 
lus, it  is  not  declared.  Beyond  question  it  suitable 
strong  stimulus  from  without  were  brought  to  bear  on 
-un,  such  as  the  different ial  attraction  of  a  passing 
star,  it  would  respond  with  eruptions  of  much  greater 
intensity  and  mass. 

It  thus  appears  that  from  so  simple  a  cause  as  the 
differential  gravity  called  into  action  by  the  dose 
approach  of  one  massive  body  to  another,  there  may  arise 
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a  graded  series  of  eruptions  ranging  from  fractional 
ejections  to  profound  disruption  and  di^Hi-ion,  accord- 
ing to  the  closeness  of  approach,  tin  relative  manes  of  the 
bodies,  and  tlu-ir  internal  state-.  Tin-  cjcdrd  parts 
will  pursue  such  courses  as  may  be  imposed  on  them  by 
the  new  forces  of  attraction  brought  into  play  by  the 


FIG.  8. — Sojar  prominences  illustrating  the  eruptive  state  of  the 
sun.  Photograph  taken  during  eclipse  May  28,  1000,  Yerkes  Observa- 
tory. 

changing  relations  of  the  two  bodies,  both  of  which 
are  necessarily  in  swift  curving  motion,  while  one  or 
both  are  losing  mass  by  disruptive  action. 


ASSIGNED  ORIGIN   OF   SPIRAL  NEBULAE 

To  follow  into  concrete  details  a  typical  celestial 
incident  of  this  kind,  let  it  be  assumed  that  the  general 
order  of  things  in  the  heavens,  at  the  time  our  planets 
were  born,  was  not  radically  different  from  what  it  is 
today.  Let  the  critical  event  be  nothing  more  unusual 
than  the  approach  of  one  star  to  another,  an  inevitable 
event,  since  stars  move  in  a  multitude  of  directions  and 
at  varying  speeds.  The  degree  of  closeness  of  approach 
may  obviously  range  from  actual  contacts  to  the  utmost 
distance  at  which  gravitative  stimulus  will  be  effective 
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in  promoting  great  eruptions.  Center-to-center  collision 
is  of  course  the  last  term  in  closeness  of  approach,  but 
that  belongs  to  another  genus.  A  merely  glancing 
iniiisi,,n  is  tlu-  lu-xt  door  neighbor  to  t hi- closest  approach 
without  llision;  between  these  two  lies  the  generic  line 
of  division  lh.it  (ollisions  occur  seems  to  be  implied 
by  forth  of  new  stars,  an  event  not  very 

infrequent.  According  to  the  law  of  probabilities,  there 
should  be  a  very  much  larger  number  of  approaches 
that  escape  collision — and  yet  an  n  la  lively  near — than 
of  collisions.  Inspection  of  the  conditions  of  the  case 
seems  to  show  that  a  \vry  close  approach  is  not  neces- 
sary to  call  forth  notable  eruptive  response  when  at 
least  one  of  the  bodies  is  already  highly  eruptive,  as  in 
the  case  of  our  sun.  This  being  true,  statistical  treat- 
ment makes  the  number  of  effective  approaches  a  very 
hi^h  multiple  of  the  probable  number  of  collisions. 
Even  if  effective  results  were  confined  to  the  Roche 
limit  which  seems  to  be  far  from  the  case — there  should 
be  six  or  eight  effective  approaches  to  every  collision. 
In  such  close  approach  as  this,  however,  complete 
disruption  of  one  or  both  the  bodies  would  apparently 
take  place,  and  that  is  far  too  violent  to  fit  the  cas< 
hand.  While  it  is  possible  that  quite  a  small  star, 
or  otlu T  Mnall  body,  closely  approaching  the  sun  might 
develop  a  nebula  fitted  to  form  our  planetary  system, 
only  a  much  more  distant  approach  of  an  average  star 
would  be  suited  to  call  forth  such  relatively  small 
ejections  as  those  involved  in  the  genesis  of  our  planets. 
A  close  approach  involves  a  very  substantial  en 
:iter.  though  it  is  a  purely  dynamic  encounter.  It 
ot  difficult  to  visualize  it,  if  the  spheres  of  attract 
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force  arc  pirtuml  as  surrounding  the  approaching 
bodies  and  as  plunging  into  one  anotlur.  The  en- 
counter is  very  real,  however  intangible.  The  action 
may  be  pictured  as  a  conflict  of  opposing  attractions; 
or  as  an  overplacing  or  in tcrpnut ration  of  attractions; 
or  as  a  neutralization  of  attractions.  In  either  casr,  tin 


FIG.  9. — Eruptive  prominences  of  the  sun.    Yerkes  Observatory 

master  body  disrupts  the  minor  body,  or  tends  to  disrupt 
it.  Each  body  stimulates  any  internal  tendency  to  erup- 
tion that  may  affect  the  other  body.  The  matter  that 
may  be  shot  forth  will  be  drawn  into  some  one  of  several 
possible  courses  by  the  joint  attractions  of  the  two 
bodies  whose  positions  and  distances  are  constantly 
shifting. 
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an  illustrative  case,  selected  to  suit  mir  problem, 
let  our  su  n .  i  n  i  t  s  ancestral  state,  be  the  body  approached. 
partner  in  action,  let  a  more  massive  star  be 
chosen  and,  for  convenience,  let  it  be  so  dense  and  inert 
that  its  response  to  the  reaction  of  the  sun  upon  it  may 
be  neglected.  In  addition,  it  will  be  convenient  to  speak 
»»i  tlu  n-l.itive  changes  of  position  of  the  two  as  if  the 
whole  motion  were  made  by  the  passing  star,  though 
in  the  accompanying  illustration  (Fig.  17),  both  bodies 
are  represented  as  moving  about  their  common  center  of 
gravity  as  they  actually  do. 

electing  the  closeness  of  approach,  let  us  observe 
that  only  1/745  of  the  sun's  substance  was  required 
»nn  our  whole  planetary  system.  There  are  now 
known  to  be  eight  planets,  twenty-six  satellites,  and 
about  eight  hundred  planetoids;  probably  the  whole 
number  of  the  latter  may  ultimately  be  found  to  be  a 
t  h*  >usand  or  so.  The  average  mass  of  these  solar  attend- 
ants is  thus  only  about  1/745,000  of  the  mass  of  the 
The  average  mass  of  the  planets,  neglecting  the 
planetoids  and  satellites,  is  about  1/6,000.  Even  the 
largest  planetary  mass  is  less  than  a  thousandth  of  the 
mass  of  tin  sun.  It  was  not  necessary,  therefore,  that 
should  give  forth  even  so  much  as  one-tenth 
of  i  per  cent  of  its  substance  to  form  the  largest  planet, 
assuming  that  the  whole  material  for  the  planet  was 
ejected  from  the  sun  by  a  single  impulse.  The  require- 
ment for  the  earth  would  be  about  one  three- thousandth 
of  i  per  cent  of  the  sun.  It  thus  appears  that  the  draft 
on  the  sun  to  supply  the  substance  of  the  planets  was 
>  small  relatively.  This  suggests  that  the  passing 
star,  ii  it  had  the  mass  we  have  chosen,  must  surely  have 
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kept  well  away  from  the  sun  to  have  had  such  slight 
stimulating  effect  as  the  case  required.  We  assume 
therefore  only  a  quite  distant  approach. 

Whether  the  sun  was  more  strongly  eruptive  at  the 
time  the  planets  were  born  than  it  is  now,  or  less  strongly 
eruptive,  is  a  matter  upon  which  perhaps  two  opinions 
may  be  held.  It  does  not  seem  material  to  us  here 
to  know  which  alternative  was  true,  since  the  appropri- 
ate intensity  of  disruptive  effects  could  be  easily  attained 
by  a  nearer,  or  by  a  more  distant,  approach  of  the  passing 
star.  Let  it  be  assumed,  however,  that  the  eruptivity  of 
the  sun  was  of  the  same  order  then  as  now. 

At  present,  the  sun  is  almost  daily  shooting  forth  gas- 
bolts  of  vast  dimensions  and  often  at  such  velocities 
that  they  rise  many  thousands  of  kilometers  above  its 
glowing  surface  (see  Figs.  8,  9,  10,  and  n).  Conserva- 
tive computations  assign  these  eruptive  ejections 
velocities  occasionally  reaching  one  hundred  or  two 
hundred  kilometers  per  second,  though  the  average 
speed  is  less.  Estimates  by  observers  of  high  standing 
assign  much  higher  velocities  in  certain  cases,  some 
of  these  rising  to  several  hundred  kilometers  per  second ; 
indeed,  velocities  that  surpass  the  sun's  power  of  control 
have  been  announced.  But,  in  an  inquiry  that  seeks 
to  keep  well  within  the  bounds  of  probability,  it  is  not 
wise  to  press  the  case  to  its  limits,  and  there  is  no  need  for 
this,  since  extremely  high  velocities  independent  of 
stimulus  are  not  critical  to  the  issue.  Even  if  it  were 
necessary  to  suppose  that  the  eruptions  were  confined 
to  velocities  much  lower  than  the  most  conservative 
interpretation  of  the  observations  would  permit,  it 
would  merely  require  us  to  suppose  that  the  passing  star 
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prominence  o!  the  sun  photographed  at  Yerkes 
Observatory  March  35,  1910,  at  4h  14  ;m. 


1 1.— Same  prominence  as  ab 

at  4^.  57  um.  H 


photographed  March  as,  1910, 
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1C  somewhat  nearer  tin-  sun  in  evoking  the  ejeetions 
the  case  requires.  Even  if  tin-  eruptive  prominences  of 
the  sun  were  essentially  illusions,  eruptive  action  of 
adequate  effectiveness  would  arise  from  a  sufficiently 
near  approach  without  making  serious  drafts  on  the 
full  disruptive  potency  attainable  by  approach.  And 
so,  without  bias  from  any  necessity  of  the  case,  we  are 
free  to  choose  for  our  working  model  such  measure  of  the 
prodigious  eruptive  energies  now  resident  in  the  sun  as 
seems  safest  or  most  probable. 


-O 


FIG.  12. — Diagram  of  tidal  forces  showing  lifting  forces  in  due 
proportions  and  directions  to  and  from  the  moon  and  the  girdle  of  com- 
pressive  forces  at  right  angles  to  these.  Note  that  the  direct  compression 
is  half  that  of  direct  lifting.  Prepared  by  F.  R.  Moulton. 

To  this  group  of  inherent  properties,  energies,  and 
activities,  let  there  now  be  added  the  gravitative  po- 
tencies of  a  great  star  passing  by.  Its  attraction  on 
the  several  parts  of  the  sun  necessarily  differed  because 
of  differences  of  distance.  The  effects  of  the  star's 
attraction  were  of  the  type  made  familiar  by  the  study 
of  the  tides.  Its  differential  attraction  must  obviously 
have  reduced  the  gravitative  pressure  in  the  interior 
of  the  sun  along  the  line  that  joined  the  centers  of  the 
star  and  the  sun;  in  other  words,  there  must  have  been 
a  tidal  elongation.  Let  it  be  recalled  that  such  a  tidal 
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response  takes  the  fur  -nines"  on  opposite  sides, 

•A  .ml  tt  txxly,  an<!  «>m-  <*n  the  opposite 

side  (see  Fig.  12).  Between  these  bulges,  and  at  right 
angtes  to  their  axi>.  thru-  is  a  girdle-  •  -i  ti<l.il  comprcarion 
arising  from  a  component  of  the  oblique  attraction 
exert  id  on  these  parts  by  tin-  tide-raising  body. 

If  tin-  lilted  portion-,  th.it    form  the  "bulges"  were 
plotted  as  though  lifted  from  a  plain-,   instead  of  a 


13.— Diagram  showing  the  tidal  cones,  A  and  B,  pointing  to  and 
from  the  moon.    Prepared  by  F.  R.  M out 

spheroid,   they  would  appear  as  cones  (see  Fig 
Sih  h  forms  would  represent  truly  the  way  in 

which  the  lifting  force  of  the  tidal  pull  is  distributed  over 
tin  titlr  liiud  area.    The  bulging  form,  as  we  style  it. 
arises  from  the  curved  base  on  which  the  lifted  port 
superposed.    There  is  a  certain  merit,  therefore,  in  the 
use  of  the  term  tidal  eones,  rather  than  tidal  bulges. 

Pi.  tun-  the  passing  star,  therefore,  as  having  eased, 
by  its  differential  attraction,  the  internal  pressure  of  the 
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sun  along  the  axis  of  the  tidal  cones,  while  it  has  added 
to  the  pressure  at  right  angles  to  them.  Under  tin  law 
of  least  resistance,  it  is  clear  that  this  would  have  ]> in- 
disposed the  eruptive  forces  within  the  sun  to  ease 
themselves  along  the  lines  of  this  reduced  pressure, 
rather  than  in  directions  of  higher  pressures.  Any 
previous  tendency  to  eruption  at  right  angles  to  the  axes 
of  the  cones  would  necessarily  feel  the  restraint  of  tin 
increased  pressure  in  those  directions.  There  would 
therefore  be  a  concentration  and  intensification  of  erup- 
tive action  in  the  axes  of  the  cones  and  a  restraint  and 
reduction  elsewhere.  Even  now,  owing  to  causes  not 
yet  determined,  the  eruptive  action  in  the  sun  is  con- 
centrated in  certain  sub-equatorial  belts.  It  is  also  sub- 
ject to  periodic  fluctuations.  Both  of  these  indicate  its 
susceptibility  to  concentration.  There  is,  therefore, 
firm  ground  for  the  inference  that  the  eruptive  action, 
under  the  conditions  sketched,  would  have  been  centered 
in  the  tidal  cones,  and  would  have  been  much  more 
massive  and  more  forceful  than  under  normal  conditions. 
In  accordance  with  well-known  tidal  principles,  one 
set  of  the  eruptive  projections  must  have  been  shot 
directly  toward  the  passing  star  and  the  other  set  in  the 
opposite  direction.  The  behavior  of  the  latter  is  not 
readily  visualized,  unless  one  has  long  accustomed 
himself  to  see  just  how  each  part  of  the  body  is  moving 
and  what  is  the  balance  of  value  between  its  inertia 
and  the  sum  of  the  attractions  acting  upon  it.  It  is  all, 
however,  a  matter  of  perfectly  consistent  differential 
action  under  the  existent  states  of  motion,  however 
paradoxical  it  may  seem.  The  realities  of  the  case 
are  beyond  question.  For  convenience,  therefore,  let 
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us   follow    iiMirK    thr   outshoot    toward   the   passing 
star,    and    ad<l  mtivrly.    in    accordance    with 

lonstrated     meihaniiv     the    distal     outsh<n  ' 

hoot   toward  the  passing  star  should  be  a  little 
greater    than    thr    <>utsh<»>t    «>n    ;  her   side   of 

UIl. 

The  eruptive  prominences  of  the  sun  are  qn 
oux  in  form  ami  dimensions  —  see  accompanying  figures- 
hut  it  is  permissible  to  idealize  them  as  bolts  of  sun- 
subs  tan  u.  though  the  bolts  must  be  pictured  as 
protean  in  form  and  as  accompanied  by  much  scattered 
in  at  i-  rial.  A  succession  of  such  bolts,  attended  by 
fragnn  -i  mers,  and  diversely  scattered  ma: 

n.itu  rally  takes  on  the  semblance  of  a  chain  of  erupt  ive 
pcojectfli 

<  of  the  gas-bolt,  as  it  left  the  surface 
of  thr  sun.  would  be  directly  toward  the  passing  star. 
u  attraction  of  the  star  be  for  a  moment  neglected, 
the  holt  .  after  going  out  as  far  as  its  impulse  could  carry 
it.  would  fall  back  to  the  sun,  provided  of  course  that  it 
was  not  shot  entirely  beyond  tlu  >unV  mntrol.  But 
when  account  is  taken  of  the  attraction  of  thr  passing 
star,  the  course  of  the  ejected  mass  i>  vitally  dependent 
on  the  precise  balance  of  attractions  and  inertia; 
while  the  bolt  was  moving  out  and  falling  back,  it  would 
have  been  drawn  aside  in  the  dim  t  ion  of  movement  of 
the  passing  star  :iu  pull  of  the  star  was  always 

;  to  a  new  line  directed  ew  position.     A 

^cntial  elenu  nt  would  thus  be  introduced.  Now  the 
relative  amount  of  thi>  forward  or  tangential  pull  is  a 
i  ritical  factor;  its  value  is  obviously  dependent  on  the 
relative  distance  to  which  the  bolt  was  projected.  A 
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multitude  of  cases  may  arise,  but  they  may  he 
as  follows: 

i  If  the  gas-bolt  were  not  projected  far  out ,  relatively, 
it  would  fall  back  to  the  sun  without  being  very  murh 
drawn  forward  by  the  passing  star.  It  would,  however, 
in  falling  back  to  the  sun,  carry  such  transverse  momen- 
tum as  it  had  gained  by  the  forward  motion  impart  «1 
by  the  pull  of  the  star.  This  increment  of  transverse 
momentum  would  affect  the  rotation  of  the  sun,  adding  to 
it,  if  the  sun  were  rotating  in  that  direction;  reducing  it. 
if  the  sun  were  rotating  in  the  opposite  direction;  or 
modifying  it  partitively,  if  the  sun's  rotation  were  in  an 
oblique  or  transverse  direction.  As  the  sun's  rotation 
is  now  singularly  slow,  and  as  its  axis  is  appreciably 
oblique,  it  is  suggested  that  the  sun's  rotation  may 
originally  have  been  essentially  opposite  to  its  present 
rotation,  and  that  a  series  of  sun-bolts,  shot  out  short 
distances  and  drawn  forward  by  the  passing  star,  in 
falling  back  carried  enough  tangential  momentum  lii>t 
gradually  to  arrest  the  original  rotation  of  the  sun  and 
then  gradually  to  impart  a  slow  rotation  in  the  direction 
pursued  by  the  passing  star.  This  then  may  be 
garded  as  the  solar  rotational  group  of  short-distance 
projectiles. 

2.  If  the  gas-bolt  were  shot  a  certain  larger  proportion 
of  the  distance  to  the  passing  star,  the  latter  would 
draw  it  so  far  forward  that,  on  returning  toward  the 
sun,  it  would  fail  to  strike  the  solar  disk;  sweeping  by, 
it  would  fall  into  an  elliptical  orbit  about  the  sun.  If 
the  bolt  were  shot  a  still  larger  part  of  the  distance  to 
the  passing  star,  the  forward  pull  would  be  relatively 
greater,  and,  in  falling  back,  the  bolt  would  give  the 
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sun  a  wider  berth  and  fall  into  a  morv  open  orbit.  And 
so,  by  ditiVrmt  degrees  of  projection,  there  would 
naturally  arise  a  series  of  <>rl>its  of  varying  degrees  of 
\  an.l  of  attitude.  This  may  be  regarded 
a-  the  plant tary  group  of  projectiles,  for  out  of  these 

-sumes  that  th<  planets  were  aggregated. 
1 1  the  bolt  were  shot  out  to  a  certain  still  larger 
part  of  tlu-  »li>tamr  to  the  passing  star,  the  pull  < 
sun  upon  the  bolt  would  be  so  balanced  that  the  course  of 
the  bolt  would  be  veered  into  a  tangent  between  them 
and  elude  the  control  of  either.    This  then  falls  into  the 
group  of  escaping  projectiles;    these  pass  beyond  the 
province  of  our  special  problem. 

4.  If  the  bolt  were  shot  beyond  this  critical  distance, 
•M  pass  into  tin-  >pluTo  of  control  of  the  visiting 
star,  and  would  probably  become  a  secondary  to  it  I  M 
a  possible  case,  the  bolt  might  actually  plunge  in 
vi>iting  star,  but  this  would  be  highly  improbable  if  the 
star  were  passing  at  considerable  distance  as  we  have 
supposed.  This  then  represents  a  group  of  project ik> 
that  tran-iVr  allegiance;  they  illustrate  how  stars  may 
gain  or  lose. 

These  are  all  cases  that  arise  from  distant  approaches 
of  a  type  supposedly  fitted  to  our  problem,  and  we  do 
not  need,  in  this  connection,  to  consider  other  cases, 
however  vital  they  may  be  to  a  complete  theory  of 
nebulae.  But  to  avoid  occasion  for  misapprehension 
because  of  too  complete  neglect,  let  us  note,  before 
passing  on,  not  only  that  nuuh  more  vigorous  eruptive 
and  disruptive  action  would  necessarily  spring  from  t In- 
closer  class  of  approaches  of  stars  to  one  another,  but  that 
the  positions  of  the  two  stars  relative  to  the  gas-bolts 
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,  in  some  of  these  cases,  be  rather  radically  different 
from  those  just  considered  and  that  with  such  various 
changes  the  effects  would  be  correspondingly  different. 
In  the  first  two  of  tin-  four  cases  just  murdered,  the 
bolts  are  made  £o  turn  backward  before  they  get  hall- 
way to  the  star  that  evoked  them.  They  do  not  pass 
outside  the  sun's  sphere  of  control  even  temporarily. 
But,  on  the  other  hand,  if  we  consider  the  cases  in  which 
the  stars  make  very  close  approaches,  it  is  ncccs>ary 
to  note,  in  the  first  place,  that  there  is  little  room  between 
the  stars  for  deployment  of  the  kinds  above  sketched  and, 
in  the  second  place,  that  the  eruptions  are  likely  to  be  so 
violent  as  to  project  most  of  the  outshoots  quite  beyond 
this  limited  space  and  introduce  a  new  set  of  cases  of 
extreme  interest  whose  tracing  is  attended  by  extr 
difficulty.  A  tentative  suggestion  of  their  general 
nature  is  all  that  will  here  be  hazarded  : 

a)  If  the  passing  star  curved  close  about  the  sun,  the 
eruptions  would  necessarily  be  violent  and,  being  shot 
directly  toward  the  passing  star,  they  probably  might. 
in  certain  cases,  actually  impinge  upon  it.     In  such  a 
case  the  nebulous  train  on  the  side  of  the  passing  star 
would  actually  connect  it  with  the  eruptive  body,  as 
seems  to  be  suggested  by  M  51  Canum  Venaticorum 

(Fig.  14). 

b)  In  most  cases,  however,  it  seems  probable  that  t  he- 
very  high  speed  of  the  passing  star  in  curving  about 
the  sun  would  carry  it  out  of  the  projectile's  path  before 
actual  impact  could  take  place.    Though  the  projectile 
would  no  doubt  be  much  deflected  toward  the  star,  it 
might  none  the  less  fall  behind  it.     Probably  actual 
collision  of  the  projectile  with  the  evoking  star  would 
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only  In-  imminrnt  when  cither  tin-  approach  was  CX- 
trcmely  close  ••r  the  empti\ity  •  >!  the  projecting  star 
was  very  intense.  If  the  passing  star  escaped  the  shot 
it  evoked,  as  seems  probable  in  most  cases,  and  the 


The  remarkable  spiral  nebula,  M  51,  in  the 
Canum  Venalicorum.    Photographed  at  the  Yerkea  Observatory. 

projectile,  crossing  the  star's  path  behind  it .  shot  onward, 
!>«>th  star  and  sun  would  thereafter  unite  in  restraining 
and  deflecting  its  course  instead  of  contesting  one 
another's  influence  as  in  the  cases  just  previously  con- 
d.  Very  declared  results,  marked  by  great  diver- 
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gencies  of  paths  and  differences  of  velocity,  might  well  be 
expected. 

With  one  possible  exception,  all  this  group  lie  outside 
the  bounds  of  our  present  problem.  It  is  possible, 
perhaps  not  improbable,  that  a  relatively  small  body 
passing  near  tin-  ancestral  sun  evoked  eruptions  of  an 
order  suited  to  the  formation  of  a  planetary  system 
of  the  type  of  our  own.  This  possible  case  thn>\\>  the 
chief  burden  of  action  on  the  eruptive  potency  of  the 
sun  and  takes  the  case  essentially  away  from  the  simple 
Roche  principle,  for  in  this  case  a  quite  inferior  body 
supplies  the  stimulus  for  the  eruptive  projection.  The 
elements  of  the  case  are  less  within  the  range  of  celestial 
observations  and  the  dynamic-  are  extremely  difficult. 
The  formidable  task  of  tracing  out  such  a  case  has  not 
been  attempted. 

In  general,  however,  the  projectiles  in  cases  of  such 
very  close  approach  might  be  expected  to  be  shot  forth 
very  violently,  to  suffer  great  defections  in  pacing  close 
in  the  rear  of  the  evoking  star,  and  to  pursue  highly 
varied  courses  and  attain  wide  deployments.  Xebui 
so  produced,  are  plausibly  assigned  to  the  giant  class  not 
so  much  because  of  their  massiveness  as  becau-e  of  their 
wide  deployment.  When  really  mas>ive.  they  are  tin- 
possible  parents  of  star  clusters  or  at  lea^t  of  decentraliza- 
tions of  a  higher  order  than  a  planetary  system  of  the 
solar  type. 

Let  us  return  to  the  simpler  case  whose  elements  we 
have  selected  with  a  view  to  planetary  genesis  by  distant 
stellar  approach.  In  such  simpler  cases  the  logic  of  the 
assigned  movements  seemed  altogether  firm  and  the 
conclusions  inevitable.  But  to  make  these  deducti< 
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doubly  Mire, and  at  the  sain  ome  measure, 

the  quant  the  deploying  process,  and  to 

nine  thr  n.iUirr  of  the  orbits  that  would  be  dcvcl- 

Dr.    I-'.    K     M. .ult. .n.    \\ith    ilu-    .  ..:::|.ut.iti\« -.ti-i 


15.—  Spiral  nebula  I  i  nis.    Photographed  at  the  Uck 

<  >l»t-r\.it..r\ 
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a  «>i  repre>eiitati\'e  unit>.  j>rojected  in  this  way,  in 

nearly  half  a  hundred  hypothetical  cases.    The  process 

was  found  to  be  uncxjx-ctedly  effective;  the  orbits  took 

on  a  wide  range  of  dimensions  as  well  as  much  variety 
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of  configuration.  All  the  four  types  <>t  results  sketched 
in  the  first  list  above  were  encountered  in  the  first  ten 
cases  investigated.  In  his  computative  inquiry,  Dr. 
Moulton  traced  out  the  orbits  of  the  projectiles  shot 
from  the  side  of  the  sun  opposite  the  passing  star,  as  well 
as  those  shot  toward  it.  The  paths  of  the  two  sets  of 
projectiles  were  found  to  be  curved  in  the  same  lense. 

For  obvious  reasons,  the  planes  of  all  such  orbits 
must  lie  in  or  near  the  plane  of  movement  of  the  passing 
star.  The  whole  group  of  orbits  must  thus  take  on  a 
discoidal  configuration  such  as  characterizes  our  plan- 
etary system  and  the  whole  class  of  nebulae  assigned  to 
this  mode  of  origin  (Fig.  16). 

Stars  do  not  pass  near  one  another  in  straight  paths. 
Under  the  law  of  the  heavens,  they  pay  obeisance  to  one 
another  by  deviations  from  their  previous  courses. 
These  usually  describe  hyperbolic  curves.  At  long 
distances,  the  stars  follow  their  normal  courses  with  but 
slight  deviation;  with  closer  approach,  there  is  increas- 
ing curvature  toward  one  another;  when  they  are 
nearest  one  another,  there  is  a  sharper  and  swifter  turn. 
If  the  approach  is  very  close,  their  speeds  at  tin  elimax 
become  extremely  swift,  and  the  turn  of  the  stars  about 
one  another  correspondingly  sharp.  During  the  stages 
of  closest  approach,  the  positions  of  the  stars  relative 
to  one  another  are  rapidly  changing,  and  hence  the 
tidal  cones  are  constantly  shifting  their  positions  in  the 
sun,  as  well  as  their  directions  in  space.  From  this 
there  arises  inevitably  a  series  of  bolts  shot  out  in  suc- 
cession which  take  new  directions  at  each  successive 
instant.  As  a  mechanical  necessity,  the  chain  of  such 
successive  bolts  takes  the  form  of  a  spiral.  This  may 
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be  seen  in  detail  by  following  out  the  courses  of  the 
projectiles  represented  in  the  accompanying  diagram 
17).    A  case  of  rather  distant  approach  and  mild 
to  the  development  of  a  small 


16.— Edge  view  of  spiral  nebula  HV  24  Comae  Berenice*,  show- 
ts  highly  discoid*!  form.    The  dark  band  U  probably  due  to  tight- 
ab*orbtng  nebular  matter.    Photographed  at  the  Lick  Observatory. 

ula,  was  chosen  for  this  illustration.  It  will  be 
noticed  that  the  paths  pursued  by  the  projectiles  are  not 

.tii  .il  with  the  spiral  chain  of  projectiles  into  which 
they  are  forced  to  arrange  themselves.  The  divergence 
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between  the  paths  and  the  chain  of  nebulous  matter 
may  vary  widely.    A  much  closer  approach  to  coim  i 
dence   between  the  paths  of  the  projectiles  and   the 
chain  of  projectiles  is  assignable  in  certain  cases  of 
closer  approach  and  more  violent  projection. 


FIG.  17.-— Diagram  showing  one  of  the  assigned  modes  of  develop- 
ment of  a  spiral  nebula. 

By  such  an  analysis  of  the  consequences  of  the  close 
approach  of  a  massive  body  to  an  eruptive  star,  we  are 
led  to  a  very  definite  concept  of  the  way  in  which  a  spiral 
nebula  may  be  developed.  The  causal  event  is  one  of 
the  simplest  and  most  inevitable.  When  the  multitude 
and  variety  of  the  bodies  subject  to  close  approaches 
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arc 


IN  wi-11  as  tin-  innuincraMr  <lr^r«^  «,i  pot- 
siblc  closeness  of  approach,  it  i  dear  that  the  range  of 
effects  may  be  extremely  wide,  and  that  tin-  maximum 
deployments  may  be  very  impressive.  On  the  other 


18.— Diagram  showing  an 
(Moulton). 


hand,  the  mi  hi  IT  rfuvts  must  grade  away  to  the  unrecog- 
nizable. A  great  series  of  spiral  nebulae  ranging  from 
very  wide  deployment  down  to  the  indistinguishable 
seems  to  be  an  almost  necessary  inference  from  the 
nature  of  the  process  and  the  variety  of  the  condi- 
tions. The  nebulae  should,  however,  all  have  a  common 
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fundamental  chanu  UT.  The  multitude  of  spiral  in-hulae 
known  to  cxi>t  i>  in  close  accord  with  this  deduction. 
The  same  is  true  of  their  variations  in  magnitude  and 
configuration.  If  this  is  the  true  interpretation  of  tin  ir 
origin,  it  is  not  at  all  strange  that  they  should  out- 
number all  other  classes. 


rilE   TESTIMONY   OF  THE   NEBULAE 

Among  the  distinctive  features  of  the  spiral  nebulae 
are  the  two  arms,  or  groups  of  arms,  that  spring  from 
diametrically  opposite  sides  of  the  nucleus  and  wind 
outward  with  similar  curves,  but  rarely  in  precisely  the 
same  way,  and  almost  never  to  the  same  length.  This 
singular  feature  is  admirably  explained  by  the  assijriu'd 
tidal  genesis.  The  explanation  holds  good  even  to  such 
details  as  the  persistent  inequality  of  the  arms,  and  to 
their  differences  in  configuration. 

It  is  to  be  noted  that  the  arms  must  be  supposed 
to  begin  to  change  their  curvature  more  or  less  as  soon 
as  they  are  projected.  In  so  far  as  a  nebula  is  under 
the  effective  control  of  its  center  of  gravity,  the  inner 
parts  must  move  faster  than  the  outer  ones.  If  the 
residue  of  the  central  mass  remains  large  after  the  arms 
are  thrown  out,  and  these  are  not  projected  far,  speaking 
in  astronomic  terms,  the  arms  must,  after  the  projectile 
motion  is  brought  under  control,  wrap  up  so  closely  in  a 
short  astronomic  period  as  to  be  almost  or  quite  indis- 
tinguishable, at  stellar  distances,  from  a  continuous 
disk.  A  knotted  aspect  might  still  be  presented;  disks 
with  knots  so  in terpre table  are  observed.  Small  spiral 
nebulae  probably  thus  come  to  closely  simulate  planetary 
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nebulae  in  lorin,  l>ut  probably  the  spectra  remain  «li>- 

..n  the  other  hand,  the  deployment  of  the 

is  great  and  the  central  part  has  been  largely  con- 

1  in  this  deploy  mint,  the  central  gravitative  force 

is  likel\  to  be  feeble,  and  it>  inlhiemeon  thr  revolutionary 


nebula  in  which  the  two 


.in-   «  KM 


i  relatively  unimportant;    the  wrapping,  if  it  ob- 
t.iins.  may  he  extremely  deliberate.     If  the  proj« 
is  of  a  still  higher  order,  the  deploying  movement  may 
•inue  for  a  long  period. 

he  outxluM.t>  from  the  parent  star  are  so  vigorous 
as  to  pass  beyond  the  sphere  of  control  of  the  parent  star, 
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or  what  is  left  of  it  alter  their  t -\pulMon,  the  projected 
matter  will  normally  not  assume  closed  orbits  about  tin- 
center  of  the  nebula  but  will  continue  in  courses  di\ 
gent  from  it.  This  may  be  one  of  the  modes  of  sowing 
the  germs  of  star  clusters.  Such  uncontrollable  deploy- 
ments probably  only  arise  from  the  very  close  approach 
of  very  massive  bodies  endowed  with  a  very  high 
explosive  competency.  As  repeatedly  noted,  the  genesis 
of  our  planets  is  a  problem  of  a  much  more  modest 
order. 

In  harmony  with  these  variations  of  mass  relations, 
velocities,  and  other  influential  conditions,  the  >piral 
nebulae  present  a  great  variety  of  special  forms,  while 
they  retain,  with  much  fidelity,  the  basal  features  that 
imply  a  decentralizing  process  in  which  a  large  tangential 
or  rotational  element  is  indicated. 

Most  of  the  peculiar  features  of  the  projected  matter, 
its  knots,  blotches,  trails,  and  haze,  seem  to  find  an 
adequate  basis  of  elucidation  as  the  natural  belch- 
products  of  the  solar  eruptions  under  high  external 
stimulus.  An  inspection  of  the  accompanying  photo- 
graphic illustrations  (Figs.  15,  i8a,  19,  20,  25),  with  tin- 
suggested  genesis  in  mind,  is  invited.  The  illustrations 
are  chosen  almost  necessarily  from  the  larger  varieties  of 
spiral  nebulae,  though  these  do  not  well  fit  the  case  in 
hand.  Small  nebulae,  with  only  scant  and  short  pro- 
jections, such  as  are  suited  to  be  the  parents  of  little 
planetary  systems  like  ours,  are,  with  little  doubt,  nearly 
or  quite  beyond  the  reach  of  the  telescope  at  average 
stellar  distances,  and  besides,  they  probably  wrap  up 
to  scarcely  distinguishable  forms  very  soon  after  forma- 
tion. 
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The  greatness  of  the  deployment  of  the  giant  spirals 
has  sometimes  been  thought  to  take-  tin-in  out  of  the 
category  of  objects  adapted  to  planetary  genesis. 
Quite  likely  their  inn.  ti-.ns  go  far  beyond  planetary 
genesis  and  include  UK  rejuvenation  <>i  >tars  and 

.it  ion  of  star  clusters.    But  it  may  be  remarked  that, 
so  far  as  dynamical  requirements  are  <  1.  their 

great  deploy  mint  mean^  much  less  than  it  gets  credit 
MIU  e  all  l>ut  a  small  part  of  the  force  required  for 
the  great  p  i  i^  omMimed  in  the  early  stages 

in  the  virinity  of  the  parent  star  where  the  opposing 
gravitation  i-  effective.  After  the  deployment  has 
reached  the  dimensions  of  a  small  nebula,  only  a  very 
small  additional  percentage  of  the  total  force  is  required 

u>h  the  deployment  to  any  degree  of  dispersion,  e 

l>ersion. 

The  amount  of  matter  involved  in  the  giant  nebulae 
i-  purely  a  matter  of  interpretation.  Nothing  observed 
in  the  heavens  necessarily  implies  great  mass.  On  the 
other  hand,  the  known  masses  of  stars  suggest  great 
possibilities  of  spectacular  impressiveness,  if  properly 
deployed.  They  also  suggest  large  possibilities  of 
producing  germ- MI  n>  ready  to  begin  new  careers  of 
growth.  Jupiter,  though  but  a  thousandth  part  of  an 
average  star,  barely  escaped  being  a  sun.  Judiciously 

itied,  our  sun  might  probably  be  the  parent  of  a 
hundred  germ -MI  us  ready  for  careers  of  growth.  The 
giant  Mm-  might  give  rise  to  some  thousands  or  possibly 

I  of  thousands  of  embryo  suns.    There  seems  no 
cogent  reason,  then,  in  any  known  consideration,  why  a 
star  of  the  larger  order,  vigorously  decentralized  by  \ 
dose  approach  to  another  massive  body,  may  not  furnish 
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all  the  matter  in  any  of  the  giant  nebulae,  however 
spectacularly  displayed.    The  deep  impressions  formerly 


FIG.  19.— A  strongly  deployed  giant  nebula,  M  33,   in  Triangulum. 
Photographed  at  the  Yerkes  Observatory. 

made   by  the   even   more  spectacular   apparitions   of 
comets  should  perhaps  offer  a  wholesome  suggestion  of 


i»v\  \MU    i  BY  CLO6E  APPROACH      129 

restraint   in  intimating  the  mass-values  of  the  giant 

il  nrlmlae. 

Looked  at  from  the  .lynamu  al  jM.int  of  view,  it  appears 

that  a  little  spiral  nebula,  generated  in  the  way  <mtlim<l. 

should   havi-   tin-  germs  of  those  extremely  exacting 

dynamical    <|ualitii->    whii  h   our    plam-tary    >\Mrm    nn 

-.     The  suggestion    Uhin-1    thU    i>    that    «i\ 

ic  common  and  effective  modes  of 
>U-llar    rrjuvrnation. 
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CHAPTER  VII 

THE  EVOLUTION  OF  THE  SOLAR   M  IULA  IX  TO    I  HI 
PLANETARY  SYSTEM 

The  term  solar  nebula  is  not  here  u>cd  in  the  inherited 
sense  of  a  nebula  that  condensed  into  the  sun  and  it> 
attendants,  but  as  a  nebula  evoked  from  the  sun  to  form 
its  attendants.  As  here  interpreted,  the  solar  nebula 
was  little  more  than  a  streaming  knotty  pair  of  arms 
of  nebulous  matter  shot  out  from  the  sun  and  curved 
into  spiral  appendages  about  it  by  the  joint  pull  of  itself 
and  a  passing  star. 

TEST   BY   THE   LAW   OF   PROBABILITIES 

To  give  the  precise  results  actually  reali/ed  in  the  solar 
system,  even  so  simple  a  genesis  as  that  here  assigned 
must  have  involved  the  contributions  of  four  elements. 
each  of  which  might,  theoretically,  have  been  very 
different  from  what  it  actually  was,  and  hence  a  differ- 
ent system  might  have  arisen:  (/)  the  star's  path,  which 
might  have  lain  in  any  direction;  (2)  the  movement  of 
the  star  in  this  path,  which  might  have  been  either  to  or 
fro;  (j)  the  plane  of  the  sun's  rotation,  which  might  have 
had  various  attitudes,  and  (4)  the  rotation  of  the  sun  in 
this  plane,  which  might  have  been  either  to  or  fro.  It 
would  be  very  remarkable  if  the  path  of  the  star  and  t  In- 
direction of  its  motion  should  have  concurred  with  the 
plane  of  the  sun's  equator  and  the  direction  of  the  sun's 
rotation.  This,  indeed,  was  one  of  the  multitude  of 
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possibilities  of  the  case,  but  the  probabilities  were 
overwhrl:  i  gainst  it.    The  law  «.f  probabilities 

i  l»-ad  «>nr  to  expect  such  un  and  di- 

cordances  as  spring  from  random  combinations.    '1  hi- 


20.— A  spiral  nebula  with  large  knots  wrapped  about  a  large 
center.  M  94  (N.G.C.  47j6)  Canum  Vcnaticorum.  Photographed 
at  ttu  Mount  Wilson  Solar  Observatory. 

seems  to  afford  a  severe  test,  for  our  postulates  can  only 
be  those  whii-h  tin-  dynamic  vestiges  of  the  system  dut.iu- 
and  thr  logic  of  the  case  requires,  and  these  are  rather 
exacting.  They  seem  to  require  (i)  that  the  path  of 
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tin-  >tar  should  have  lain  nearly,  but  not  quite,  in  tilt- 
invariable  plane  of  tin-  planetary  system;  (2)  that  tin- 
movement  of  the  star  in  its  path  sin  mid  have  had 
the  direction  in  which  the  planets  now  revolve;  (3)  that 
the  equatorial  plane  of  the  sun  should  have  differed  .from 
its  present  plane  to  the  extent  of  the  effects  of  a  certain 
component  of  the  value  of  the  momentum  carried  back 
to  the  sun  by  the  returning  projectiles  after  they  had 
been  drawn  forward  by  the  passing  star,  as  explained  in 
the  last  chapter;  and  (4)  that  the  sun  should  then  have 
rotated  in  a  direction  as  nearly  opposite  to  its  present 
rotation  as  this  change  in  its  plane  permitted,  tin 
reversal  of  the  rotation  being  due  to  the  remaining  com- 
ponent of  momentum  carried  back  by  the  returning 
projectiles.  If  all  these  are  restored  in  imagination,  it 
will  be  seen  that  their  unconformities  are  quite  sufficient 
to  meet  the  demands  of  a  typical  case  of  random  com- 
bination. Indeed,  they  seem  to  imply  about  as  wild  a 
cast  of  the  die  as  the  law  of  chance  could  well  require. 
The  present  degree  of  concurrence  is  a  forced  result  imposed 
by  the  mutual  reactions  of  the  agencies  that  entered  into  the 
combination. 

SPECIFIC   FEATURES  OF  THE   PLANETARY   KNOTS 

The  knots  of  the  solar  nebula  play  a  leading  part  in 
our  interpretation  of  the  immediate  genesis  of  the  planets, 
planetoids,  and  satellites,  since  they  served  as  collecting 
centers  for  them.  They  were  not  only  physical  collectors 
but  dynamic  collectors;  they  not  only  arrested  the  flying 
matter  that  fell  into  them,  but,  within  their  spheres 
of  control,  they  drew  flying  matter  toward  the  collecting 
centers  and  made  it  more  liable  to  arrest.  There  was 
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essential  need  for  both  these  functions.  As  a  rule, 
minute  scattered  particles  in  the  open  space  of  the 
heavens  move  faster  than  the  more  massive  bodies. 
They  do  not  "  float  in  space,"  but  arc  drawn  or  driven 
hithi-r  or  yon  at  more  than  average  velocities.  Where 
space  is  so  dominated  by  the  attractions  of  massive 
stars  and  combinations  of  stars,  whirr  the  attractions 
of  minute  flying  bodies  are  so  trivial,  and  where  the 
im-rtia  of  Mich  flying  particles  is  so  great  relative  to  their 
own  attractions,  the  self-aggregation  of  such  bodies  into 
planets  is  highly  improbable.  The  knots  of  the  nebula, 
rnished  the  requisite  collecting  centers. 

It  would  no  doubt  be  the  part  of  prudence  to  rest 
interpretation  with  this  simple  observation  that  adeqi 
centers  of  aggregation  for  our  planets,  planetoids,  and 
satellites  were  offered  by  the  knots  of  the  parent  nebula. 

.\ever.  the  working  value  of  any  hypothesis  depends 
much  on  t  he  elaboration  of  its  details,  so  that  many  points 
of  contact  with  the  concrete  phenomena  it  is  to  explain 
may  be  presented.    This  must  be  our  excuse  for  offer- 
ing some  speculations  of  rather  uncertain  value  relative 
features  of  the  knots  of  the  parent  nebula. 
^ rou n» I  for  this  is  far  from  firm  and  the  suggestions 

•aid  \yc  held  lightly,  and  yet  they  may  be  suggest 

It  is  assumed  that,  at  the  time  the  nebula  was  formed, 

the  greater  eruptions  of  the  sun  were  concentrated,  as 

now.  in  two  belts  not  far  from  the  sun's  equator.     It 

i-  inferred  that,  as  the  star  approached  from  a  distance, 

mulus  led  only  to  moderate  ejectments  of 

•stance  and  that  these  suffered  so  slight  deviations 

reason  of  the  forward  pull  of  the  star  that  they  did 

not  escape  striking  the  >un's  <li-k  on  their  return  and  SO 
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carried  into  the  sun  a  little  momentum  acquired  from 
the  star.  This  momentum  nnitrali/ed  an  equivalent 
amount  of  the  momentum  of  the  sun's  rotation,  then 
opposite  to  its  present  rotation.  With  nearer  approa*  h 
of  the  star,  the  eruptions  increased  in  mass  and  vigor 
with  increased  effect  on  the  sun's  rotation.  With  still 
nearer  approach,  a  portion  of  the  projectile  failed  to 
strike  the  sun's  disk  on  returning  and  swung  into  orbits 
about  it.  Later,  a  still  larger  part  of  the  increasingly 
vigorous  projectiles  passed  into  orbits,  and  these  orbits 
grew  broader,  but  certain  portions  of  the  projectiles  con- 
tinued to  return  to  the  sun  and  affect  its  rotation. 

During  all  this  time  the  pull  of  the  star  was  oblique 
to  the  normal  ascensive  lines  of  the  sun's  greater  erup- 
tions, and  the  sun  and  star  worked  at  cross-purposes; 
but,  as  the  star  curved  into  the  critical  part  of  its  path, 
where  it  made  its  closest  approach,  it  passed  directly 
over  the  belt  of  the  sun's  most  effective  eruptions,  and 
not  only  the  most  favorable  co-operation  of  sun  and 
star  were  realized  but  nearly  the  maximum  mutual 
attraction.  It  is  assumed  that  the  greatest  eruptive 
bolts  were  then  shot  forth,  and  that  they  were  project «1 
with  the  greatest  velocity.  It  is  taken  for  granted  that 
the  stimulus  of  vigorous  action  on  the  side  toward  the 
star  would  react  as  stimulus  to  eruption  on  the  other  side. 
and  that  nearly  simultaneous  bolts  would  issue  from  the 
proximate  and  from  the  distal  side  of  the  sun.  It  is  sup- 
posed that  the  action  would  be  most  effective  when  the 
first  eruptive  belt  was  crossed,  for  then  the  projectile 
forces  drew  on  the  fullest  stores  of  eruptive  potency  in 
the  sun.  The  second  pair  of  great  eruptions  are  assigned 
to  the  stage  when  the  second  belt  of  solar  eruptions,  on 
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the  i.irihersideof  the  solar  equator,  was  craned.    These 

-  pain  of  eruptive  \<  >  of  the  first  order  are 

assumed  to  have  been  the  parents  of  the  four  great 

planets,  the  two  outermost     with  the  peculiarities  of  the 

:n— growing  later  into  Neptune  and  Uranus; 

two  i..l lowing,  favored  by  the  pulsations  set  up  by 

the  :s  great  eruptions  and  by  greater  facilities 

;n>\vth,  but  lacking  the  fullness  of  eruptive  resources 

that  favored  tlu-  first  pair,  constituted  the  knots  that 

grew  into  Saturn  and  Jupiter. 

As  the  star  passed  on  in  its  perihelion  curve  over 
higher  latitudes  of  the  sun,  obliquity  of  action  recurred, 
and  either  a  multitude  of  imperially  associated  erup- 
ts, or  a  great  eruption   mm  h   rifted  by  divergent 
nave  birth  to  many  little  nebulous  bunches 
h  later  grew  into  the  planetoids. 
(Mi  the  backward  swing,  following  the  star's  peri- 
helion turn,  the  passage  over  the  nearest  zone  of  solar 
eruption  was  again  attended  by  a  pair  of  projections, 
but  these  are  supposed  to  have  suffered  greatly  from 
,-uraMe  exhaustion  oi  the  eruptive  potency  of  the 
involved  in  the  expulsion  of  the  previous  great  bolts 
and  so  attained  only  moderate  masses  and  velocity  of 
proi  On  passing  the  other  eruptive  belt  the 

second  time,  on  additional  pair  of  bolts  was  shot  out. 
-mailer  still  and  less  distantly  projected. 
\\  ith  this  the  larger  order  of  eruptions  ceased,  and  the 
less  effective  class  of  activities,  such  as  had  attended  the 
early  approach,  was  repeated  in  reverse  order  but,  i 
assi;  ith  lessened  vigor  from  progressive  exhaus- 

tion     This  is  a  very  special  explanation  and  obviously 
does  not  apply  to  spiral  nebulae  in  general  because  of 
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the  numbers  and  irregularities  of  their  knots.  If  addi- 
tional planets  in  our  system  should  IK-  discovered,  the 
explanation  would  not  even  hold  for  it. 

INTIMATE  NATURE  OF  TH!     KNOTS  AND  NEBULOUS  HAZE 

When  the  immense  belches  of  sun-substance  were 
about  to  be  lifted  from  their  places  deep  in  the  sun, 
they  must  have  been  gaseous  or  potentially  gaseous,  and 
they  must  have  contained  all  the  chemical  substances 
that  were  present  in  the  horizons  of  the  sun  from  which 
they  came.  Nearly  all  the  known  chemical  elements 
were  no  doubt  intimately  intermingled  there,  after  the 
normal  manner  of  gases.  But  when  these  belches 
emerged  from  the  sun  and  were  shot  into  the  approximate 
vacuum  of  surrounding  space,  they  must  have  undergone 
great  expansion,  and  there  must  have  been  a  great 
reduction  of  their  temperature  as  a  consequence.  As 
they  traversed  the  Roche  limit  of  the  sun,  they  felt  a 
modified  form  of  the  Roche  effect  which  intensified 
the  deploying  influences.  When,  after  such  expansion 
and  cooling,  the  nebulous  masses  swept  out  into  inter- 
stellar space  and  entered  upon  their  orbital  courses, 
their  temperatures  suffered  still  further  from  the  rapid 
radiation  inevitable  in  such  diffuse  bodies.  The  vital 
question  arises,  therefore:  How  long  was  the  original 
gaseous  condition  retained?  Or  to  what  degree  wa>  ii 
retained  ?  If  it  was  soon  lost,  in  whole  or  in  part,  what 
dynamic  condition  took  its  place?  The  answer  is  to  be 
sought  in  the  vestiges  that  remain  for  our  enlightenment, 
if  it  is  possible  to  discern  the  light  that  is  in  them. 

The  great  planets  Jupiter  and  Saturn  have  low 
specific  gravities  and  probably  embrace  high  proportions 
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in-  more  volatile  elements.  Their  great  masses  give 
thrni  ounjM  hnld  these  i  i  high  molecular 

.tl  inference  that  the  gas-belches 

frmn  whiih  they  sprang  were  also  relatively  massive 
and  gravii.it i\rly  competent.      I  ;n  keeping  with 

tlu-  eiict  ti\  e concurrences  to  \vhii  h  their  birth  is  assigned. 
It  is  assumed,  therefore,  that  at  all  times  in  tlu-  history 
of  the  great  gas-belches  that  gave  rise  to  Jupi 
Saturn,  Uranus,  and  Neptune,  their  self-gravity  was 
competent  to  control  not  only  the  average  planetary 
molecules,  hut  the  lightest  and  most  active  molecules 

•  nut  with  them  from  the  sun.  These  great  knots, 
therefore,  probably  had  at  least  gaseous  centers,  even 
when  most  expanded  and  cooled,  and  were  perhaps 
largely  gaseous  bodies  at  all  times.  They  probably 
retained  rather  high  temperatures.  By  reason  of  their 
great  attractive  powers,  they  probably  gathered  in 
effectively  stray  molecules  and  random  aggregates  which 

-  mailer  knots  could  neither  assemble  nor  hold;  hence 
not  only  their  present  preponderant  masses,  but  their 

vely  low  specific  gravities. 

In  . . -ntrast  to  the  intimations  of  these  great  bodies  of 
an  specific  gravity,  are  the  suggestions  of  the 
planetoids  and  satellites  which  now  hold  little  or  no 
gaseous  envelopes  and  whose  mean  specific  gravities 
are  relatively  hi^h.  The  terrestrial  planets  are  more 
nearly  akin  to  these  than  to  the  great  planets,  so  far  as 

gaseous  element  is  concerned.  In  their  present 
full-grown  state,  the  earth  and  Venus  have  fair  atmos- 
pheres; Mars,  a  rather  scant  atmosphere;  Mercury, 
little  or  no  atmosphere.  The  knots  from  which  they 
grew  should  have  been  much  less  competent  to  hold  the 
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active  gases,  while  the  hi^h  temperatures  that  attended 
thdr emergence  from  the  sun,  by  inereasint;  the  molecular 
activities  of  the  gases,  further  reduced  their  competency. 
Perhaps  we  need  to  turn  aside  a  moment  hen  to 
inquire:  How  much  less  massive  were  the  knots  than  tin- 
full-grown  bodies  ?  A  considerable  series  of  comparisons 
between  the  apparent  amount  of  matter  in  the  knots 
of  various  spiral  nebulae  and  the  apparent  amount  of 
matter  not  so  bunched  indicates  that  the  knots  may 
perhaps  contain  a  quarter,  a  third,  or  a  half  of  the  whole. 
Considerations  connected  with  the  control  of  the  moon- 
knot  by  the  earth-knot  from  the  outset  seem  best 
satisfied  by  assigning  the  earth-knot  30  or  40  per  cent 
of  the  earth's  adult  mass.  Neither  of  these  estimates 
will  bear  much  emphasis,  for  the  basis  in  both  cases  is 
infirm;  the  light  of  the  nebulae,  by  which  their  masses 
were  judged,  may  not  be  a  safe  guide,  and  the  assump- 
tions of  the  lunar  deduction  are  not  imperative.  The 
estimates  merely  serve  as  a  rough  working  basis.  Duly 
discounted  they  yet  make  it  clear  that  after  the  smaller 
gas-bolts  had  been  shot  from  their  compressed  state 
in  the  sun  into  the  approximate  vacuum  of  interstellar 
space,  their  competency  to  hold  the  more  active  mole- 
cules was  distinctly  limited,  even  in  the  case  of  the 
terrestrial  planets.  So  far  as  concerns  the  little  knots 
that  were  to  grow  into  the  planetoids  and  satellites — 
and  into  Mercury  and  Mars  as  well — it  may  be  con- 
cluded with  confidence  that  such  gases  as  now  form 
our  atmosphere  could  not  have  been  held  under  control  at 
the  high  temperatures  at  which  they  were  shot  from  the 
sun.  The  light  active  molecules  that  mingled  in  tl 
smaller  gas-bolts  must  probably,  as  they  issued  into 
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open  space,  have  been  scattered  hither  and  yon  by  the 

•n-ir  own  collisional  reactions,  and  must  have 
« d  on  paths  of  their  own  under  the  direct  control  of 
the  sun,  but  free  from  tin-  •  •  -ntml  of  the  bolts  with  whi.  h 
they  were  shot  forth.  If  so,  they  no  longer  constituted 
bodies  of  gas  in  tin-  true  kinetic  sense.  In  following 
orbital  paths  about  the  sun,  they  had  the  dynamic 
qualities  of  little  planets,  that  is,  they  were  planetesimals. 
name  has  been  introduced  to  designate  all  such 
small  bodies-  whether  atoms,  molecules,  or  aggregates— 
as  behave  like  minute  planets.  This  is  done  to  dis- 
tinguish them  from  the  constituents  of  gases,  from  most 
meteorites,  and  from  other  minute  bodies  that  follow 

»geneous  paths  and  that  have,  as  a  result,  dir 
dynamic  qualities. 

Contrasted  with  the  escape  of  very  light  artive  mole- 
cules from  the  smaller  knots,  was  the  tendency  of  the 
heavy  sluggish  molecules,  and  of  such  aggregates  as 
may  have  been  formed,  to  remain  assembled  under  their 
own  mutual  gravity.  The  mean  specific  gravity  of  the 
moon  is  3.4;  that  of  the  earth  5.5;  that  of  Mars, 
Mercury,  the  planetoids,  and  the  satellites  generally,  so 
far  as  determined,  of  the  same  general  order.  A  part 
of  this  high  specific  gravity  is  due  of  course  to  com- 
pression, but  aside  from  this  their  inherent  specific 
gravity  is  high  his  easy  to  be  misled  as  to  the  average 
specific  gravity  of  earth-substance.  The  atmosphere 
and  the  hydrosphere  make  a  brave  show  at  the  surface-- 
whence we  are  compelled  to  view  the  earth — but  they 
really  constitute  only  a  trivial  fraction  of  earth-substance. 
The  great  mass  of  the  earth  is  made  up  of  much  heavier 
substances,  and  it  is  the  behavior  of  these  heavy 
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substances  that  constitutes  the  essence  of  our 
problem.  Few  of  these  substances  could  remain  volatile 
except  at  very  high  temperatures.  Hence  on  emerging 
from  the  sun  and  undergoing  the  great  expansions  and  t  In- 
effective radiations  incident  to  this,  a  large  portion  of 
the  more  refractory  material  in  the  smaller  order  of 
knots  probably  fell  to  the  liquid  or  solid  state.  In  t  In- 
discrete state  that  ensued,  combined  with  the  influence 
of  their  projectile  impetus,  the  assemblage  of  particles 
could  scarcely  collapse  as  a  unit ;  the  particles  could  prob- 
ably only  coalesce,  with  such  other  particles  as  crossed 
their  paths,  into  minute  scattered  aggregates,  or  else 
remain  as  independent  molecules.  In  so  far  as  any 
matter  of  this  heavier  order  remained  in  a  free  molecu- 
lar state,  its  activity  would  have  been  of  the  lower 
order.  It  is  inferred,  therefore,  that  the  smaller  knots 
were  formed,  in  large  proportion,  of  minute  discrete 
particles,  or  of  heavy  molecules,  and  that  these  largely 
followed  individual  paths  of  the  orbital  type,  instead 
of  remaining  in  collisional  interaction  of  the  gaseous 
type. 

While  the  projectile  force,  as  well  as  the  rotatory 
impulse  incident  to  the  expulsion  of  the  eruptive  belches, 
stood  in  the  way  of  a  direct  concentration  of  the  knots, 
it  is  assumed  that  their  dispersive  effect  failed  to  prevent 
a  certain  considerable  portion  of  the  heavier  material 
from  remaining  under  the  control  of  its  own  self-gravity. 
The  existence  of  knots  seems  to  imply  this.  This 
self-controlled  portion  constituted  the  real  knot  in  the 
dynamic  sense.  Whatever  part  of  the  primitive  bolt 
escaped  from  this  control  and  scattered,  was  drawn  into 
independent  orbits  about  the  sun  and  became  planetesi- 
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mals.    Soon  after  emergence,  then,  most  of  the  ncbulnu* 
matt  t  >  have  either  been  gathered  into 

.    the    collecting-centers  of   the   future   planets, 
planetoids,  and  satellites,  or  into  planetesimal 
food  <>n  \vhii-h  these  knots  subsequently  fed. 

Gathering  these  postulated  results  together.  th«-\ 
form  a  graded  series: 

At  the  head  were  eruptive  actions  of  the  first  order 
whose  bolts  were  massive  enough  to  retain  str..n- 
gravitative  control  of  themselves  and  be  able  to  gal  hi T 
ami  hold  very  volatile  as  well  as  heavy  matter.  They 
hence  had  great  powers  of  growth  and  became  giant 
planets. 

Next  in  order  were  bolts  of  inferior,  but  yet  con- 
able,  mass  from  which,  at  the  high  temperature  of 
rgeme,   the  most  highly  active   molecules  largely 


escaped,  but  the  heavier  and  less  active  remained,  and 
thi>  -elected  portion  constituted  the  material  for  the 
next  stage  of  segregation. 

Next  below  these  came  a  much  larger  number  of 

i  Her  bolts,  most  of  them  independent  of  the 

larger  knots,  some  of  them  secondary  to  larger  knots. 

In  most,  if  not  in  all,  of  these,  the  mass  was  insufficient 

ioM  atmospheric  and  hydrospheric  material  at  the 

jKTature    of    ejection    from    the    sun,    and    rarely 

i  at  the  much  lower  temperatures  of  open  space. 

1  lu>e.  then  -fore,  soon  came  to  be  merely  swarms  of 

heavy  molecules  and  of  aggregates;  yet  they  had  self- 

gravity  enough  to  hold  themselves  in  an  assembled 

state. 

Below  all  these  there  were  the  scattered  products  of 
dispersive  ait  ion.  embracing  free  molecules  and  small 
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aggregates.    These  very  generally  were   thrown   into 
orbits  of  the  planetary  type  and  constituted  plain-:  • 
mals. 

CORES  OF   KNOTS  OF  MEDIUM  MASS 

The  status  of  the  largest  order  of  knots  is  clear,  for 
they  could  hold  the  more  active  molecules,  even  hydro- 
gen and  helium.  The  status  of  the  smallest  order  of 
knots  was  also  clear,  for  they  could  not  hold  appreciable 
quantities  of  free  nitrogen,  oxygen,  and  water-vapor. 
The  status  of  the  knots  of  thr  intc  rnudiate  order,  that 
were  to  form  the  terrestrial  planets,  was  more  doubt- 
ful. There  is  little  reason  to  suppose  that  the  cores 
of  the  knots  of  the  two  smallest  planets,  Mercury  and 
Mars,  held,  in  a  free  state,  any  notable  amount  of  tin- 
atmospheric  gases,  since  the  full-grown  planets  show 
only  scant  powers  of  holding  material  of  such  hi<;h 
molecular  activity.  Very  likely  they  may  have  had 
cores  formed  of  heavier  molecules  in  a  gaseous  or  semi- 
gaseous  condition.  The  knots  of  the  earth  and  Venus 
quite  probably  had  the  power  of  holding  the  atmospheric 
gases — if  these  escaped  absorption  or  combination  with 
the  multitude  of  minute  aggregates  of  the  knots — after 
their  temperatures  fell  to  about  that  of  their  present 
surfaces.  Earlier  than  this,  when  they  were  much 
hotter  from  recent  emergence  from  the  sun,  their  com- 
petency is  more  doubtful.  The  balance  of  probabilities 
seems  to  favor  the  view  that  the  knots  of  Venus  and  the 
earth  were  formed  chiefly  of  heavy  refractory  material 
assembled  largely  in  an  orbital  state  around  a  core  of 
gaseous  or  semi-gaseous  matter  of  heavy  molecules  and 
that  there  were  mingled  with  both  these  parts  con- 
siderable atmospheric  material. 
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SPECIFIC  op   SATELLITES  AND  8ATELUTES1MALS 

it  is  assumed  ss  inevitable  that  the  main  ejected 
mssscs  should  have  been  attended  by  fragments  or  sub- 
knots  torn  from  them  as  they  were  belched  violently 
forth  It  seems  equally  inevitable  that  there  should 
have  been  different  intensities  of  the  eruptive  force 
propelling  the  escaping  bolt,  beneath  one  part  or  another, 
>o  that  rotation  of  the  ejected  mass  was  unavoidable. 


3 1.— An  eruptive  prominence  of  the  sun  showing  ragged  borders 
and  a  tendency  to  minor  bunching*.  Photographed  at  the  Verkes 
Observatory. 

The  extreme  vigor  of  the  expulsory  action  gives  ground 
for  supposing  that  the  rotatory  motion  had  appreciable 
value.    The  relations  between  the  time  and  the  move- 
ment of  the  tidal  cones  drawn  forth  by  the  passing  star 
no  doubt  important  factors  in  determining  the 
t. it  ion  of  the  knots,  for  pulsations  doubt- 
less lingered  in  the  spot  from  whiih  the  pn  \ious  belch 
was  shot  and  this  affected  the  eruption  that  followed 
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on  the  advancing  side.  The  particular  conjunction  of 
these  movements  postulated  at  the  opening  of  this 
chapter  is  believed  to  have  been  favorable  to  that  type 
of  rotations  which  the  adult  planets  now  embody. 

While  these  fragments  or  sub-knots  were  shot  out 
with  the  principal  masses,  it  was  inevitable  that  tl 
should  be  divergencies  which  gave  them  separate 
courses  near  the  main  masses,  which  resulted  in  revolu- 
tions about  these  masses  when  their  control  was  comix-- 
tent. They  thus  became  attendant  or  satellite  knots. 
Fragments  whose  courses  were  too  divergent  or  too 
swift  of  course  escaped.  It  is  thus  assumed  that  the 
collecting  centers  of  the  satellites-to-be  originated  as 
incidents  of  the  vigorous  ejection  of  the  primary 
knots. 

While  the  highest  order  of  knots  probably  always 
had  large  hot  gaseous  centers,  in  spite  of  expansion  and 
radiation  on  emergence  from  the  sun,  the  outer  portion 
of  their  spheres  of  control  should  have  been  occupied, 
in  very  open  fashion,  by  ultra-atmospheres  of  molecules 
pursuing  orbital  courses,  as  set  forth  in  the  first  chapter. 
Probably  there  were  also  minute  aggregates  derived  from 
the  nebula  pursuing  similar  orbits  in  this  outer  portion. 
All  these  orbital  bodies  were  of  the  nature  of  minute 
satellites,  that  is,  satellitesimals,  for  they  revolved  about 
the  centers  of  knots  that  were  to  form  planets.  Some 
notable  part  of  the  material  of  the  planetary  knots  may 
have  been  made  up  of  these  satellitesimals.  They 
probably  served  an  important  function  in  the  evolution 
of  the  final  state  of  the  satellites  and  of  the  planets 
as  well,  for  they  were  dynamic,  as  well  as  material,  food 
for  both. 


i  \  •!    mi.  n.\\\  i 

11  h  a  degree  of  specific  postulation  ma;, 
unjustly  be  regarded  as  pressing  deduction — or  specula 
i  i. . n .  i  i  > .  .11  please— to  great  lengths,  this  may  perhaps  be 
pardoned  in  so  far  as  it  gives  a  definite  picture  of  tin- 
king  essentials  of  the  planctcsimal  hypothec 
closest  application  to  planetary  origin,  for,  given  these 
postulates,  the  rest  of  the  evolution  is  predetermined 
by  the  mechanics  of  the  case.    These  specific  pictures 
are  indeed  little  more  than  attempts  to  interpret  the 
physical  and  dynamical  vestiges  now  embodied  in  our 
planetary  system  by  projecting  these  backward  to  iheir 
initial  states.    It  goes  without  saying  that  these  deduc- 
es are  tentative,  and  that  they  will  quite  surely  need 
emendation  when  the  vestiges  that  are  their  sou 
shall  be  better  read  and  more  successfully  traced  to  their 
.•.'«,'  : 

AGGREGATION  OF  THE  NEBULOUS  MATTER 

Three  processes  are  believed  to  have  formed  the 
essential  features  of  the  concentration  of  the  nebulous 
matter  into  planets,  planetoids,  and  satellites:  (i)  the 
•  lire*  t  condensation  of  the  gaseous  centers  of  the 
knots,  where  there  were  such,  into  liquid  or  solid  cores; 
(2)  the  less  direct  and  collection  of  the  orbital 

or    salt-Hit  e>imal    particles    of    the    knots    into    solid 
cores;  and  (3)  the  Mill  slower  gathering  of  the  plane 
tesimals   into   the  knots  or  through  these  inlo  solid 
oora. 

i     I'he  condensation  of  the  heavy  vapors  of  the  smaller 
knots  should  have  been  direct  and  rapid.     In  the  giant 
knots,  condensation  doubtless  proceeded  more  deli1 
ately,  both  because  of  the  slower  loss  of  heat  and  because 
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ot~  tin-  larger  piVM'iue  of  highly  volatile  and  umond< 
able   gases.     In   knots   of   tin-    intermediate    terrestrial 
class,   the   heavy   vapors   doubtless   condensed    rather 
rapidly,  while  the  highly  volatile  and  irreducible  gases 
gathered  into  atmospheres  about  the  nuclei  or  c<> 

2.  The  gathering  of  the  orbital  part  of  the  knots,  the 
satellitesimals,  into  the  planetary  and  satellite  o>: 
was  doubtless  a  slower  process,  for  it  depended,  in  part, 
on  the  collision  of  the  satellitesimals  with  one  another 
in  their  orbits — which  would  take  place  only  in  so  far  as 
these  crossed,  or  were  made  to  cross,  one  another — and, 
in   part,   on   collisions   with   infalling   planetcsimals 
which  cither  drove  them  into  the  nucleus  or  into  new 
orbits  from  which  sooner  or  later  a  plunge  into  the  nucleus 
would  be  likely  to  ensue.     A  planetesimal  plunging  into  a 
satellitesimal  would  drive  it  into  the  nucleus  in  only  a 
certain  proportion  of  cases,   but,   under  the  laws  of 
mechanics,  both  planetesimal  and  satellitesimal  must 
return  to  the  point  of  collision — unless  diverted  by  some 
intercurrent  agency  or  prevented  by  too  high  velocity— 
and  be  subject  to  another  collision  which  would  give 
another  chance  of  being  deflected  into  the  nucleus,  and 
so  on  indefinitely. 

3.  It  appears  then  that  the  orbital  or  satellitesimal 
deployment  of  the  particles  of  the  knots  served  not  only 
as  a  slow  source  of  feeding  for  the  nucleus  or  core,  but 
also  as  a  collecting  mechanism  for  catching  planetesimal- ; 
so  also,  in  reciprocity,  the  planetesimals  aided  in  driving 
in  the  satellitesimals.    In  some  measure,  indeed,  t  In- 
whole  of  the  sphere  of  gravitative  control  surrounding 
each  knot  served  as  a  collecting  agency  by  reason  of  its 
power  of  deflecting  passing  particles  toward  the  center 
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and  thus  increasing  their  liability  to  be  caught.  Hut 
t  he  process  of  aggregation  was  none  the  less  slow. 

•\\  thr  r.irl  ;rc  of  the  mode  by  which  the 

passing  star  diverted  the  solar  projectiles  into  orbital 
paths  u In. ut  the  sun  be  recalled  in  its  details,  it  will 
appear  that  the  movements  of  knots  and  planetesimals 
were  all  in  the  same  direction.  A  few  of  the  satellite- 
knots  and  satellitesimals  mi^ht.  indeed,  have  moved, 
and  did  move,  in  the  opposite  direction,  but  these 
are  here  negligible,  though  important  in  other  relations. 
The  fall  of  planetesimal  10  knots  came  then  from 

overtakes  in  paths  that  were  similar.  The  impacts 
must  often  have  been  rather  sharp,  as  we  measure 
impacts  in  terrestrial  matters,  but  they  were  relatively 
mild  in  the  celestial  sense,  and  the  generation  of  heat 
as  a  consequence  was  relatively  small.  There  does  not 
seem  to  be  any  cogent  reason  for  assuming  that  molten 
planets  would  arise  from  this  mode  of  aggregation, 
except  in  those  cases  in  which  the  knots  were  very  large. 
It  we  recall  again  the  generation  of  the  nebula,  it  will 
appear  that,  while  all  the  orbits  of  the  knots  and  the 
planetesimals  were  elliptical,  there  was  much  variat 
in  the  degrees  of  elliptic  ity  and  in  the  dimensions  of  the 
orbits.  The  orbits  were  hence  generally  unconformable 
to  one  another,  in  some  degree,  and  the  crossings  of 
paths  were  many  and  various.  These  crossings  were 
all  the  more  prevalent  because  nearly  all  the  orbits  lay 
in.  or  near,  a  common  plane  determined  by  the  passing 
star.  These  crossings  were  vital  features  in  promoting 
aggregation.  The  fact  that  all  the  bodies  in  these 
intertangled  orbits  were  moving  in  the  same  general 
direction  and  at  rates  not  radii  ally  different  gave  time  for 
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gravitative  ;uti<»n  with  minimum  resistance  to  gravita- 
tive  pulls.  These  conditions  were  also  favorable  f«»r 
electric  and  magnetic  action.  These  were  liable  to  be 
more  effective  than  gravitation  in  their  effects  on 
minute  bodies.  At  present,  too  little  is  known  of  tin- 
electric  and  magnetic  states  in  the  heavens  to  warrant 
confident  deductions,  but  it  is  prudent  to  recognize 
them  as  factors  of  probable  importance. 

The  sweeping  of  the  nebular  haze  into  the  knots  was 
aided  by  the  shifting  of  the  orbits  of  both  knots  and 
planetesimals.  This  shifting  arose  inevitably  from  their 
mutual  attractions,  just  as  the  orbits  of  the  planets  now 
shift  by  reason  of  planetary  attractions.  Thus  fresh 
opportunities  for  collisions  and  close  approaches  were 
being  evolved  as  time  went  on. 

Furthermore,  as  the  knots  grew,  the  form  of  their 
orbits  changed  as  a  consequence  of  the  accession  of 
planetesimals.  These  new  orbits  cut  the  orbits  of  the 
remaining  planetesimals  in  new  ways  with  new  possi- 
bilities of  conjunction.  Thus  the  process  was  helped  on 
by  the  very  results  of  its  own  progress. 

However  much  the  process  of  gathering  the  scattered 
matter  into  the  planetary  cores  was  aided  by  these 
auxiliaries,  it  was,  as  already  remarked,  slow.  Inspec- 
tion shows  that  the  chance  of  any  particular  planetesimal 
falling  into  any  given  planetary  nucleus  was  very  small 
compared  with  the  chances  of  escaping  and  continuing 
in  its  own  independent  career.  In  the  alternative 
between  a  free  life  as  a  planetesimal  and  absorption 
into  the  larger  life  of  a  planet,  planetoid,  or  satellite, 
the  statistical  allotment  of  chances  was  such  as  to  give 
the  larger  share  to  the  former  in  any  given  short  epoch. 
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In  the  average  case,  the  absorption  was  long  delayed. 
This  slowness  of  growth  vitally  «>n<litimu-<l  the  physical 
states  MI'  tin-  planetary  cores  in  their  early  i 
subject  of  peculiar  interest  in  the  case  of  the  earth,  which 

will  claim  attention  in  the  next  chapter. 

EVOLUTION  OP  CIRCULARITY  OP  ORBITS 

11   a   multitude  of  bodies  moving  in  eccentric 

Mrt>its  of  like  type  coalesce  into  one  body,  the  resulting 

Mrt.it  is  almost  necessarily  more  circular  than  the  most 

ous  orbit  likely  to  be  more 

cin  ular  than  the  majority  of  t:  n  be  more 

i  in  ular  than  any  of  them.     In  sketching  the  origin  of 

•he  knots  and  plain  te-imals,  it  was  noted 

lure  was  a  progressive  broadening  of  the  elliptic 

until  their  greater  extensions  came  to  be  trans- 
verse to  those  of  the  first-formed  orbits.     Furthermore, 

were  two  sets  of  orbits,  one  on  each  side  of  the 
sun.  Developed  in  this  way,  there  was  a  strong  pre- 
sumption  that  the  coalescence  of  a  vast  multitude  of 
planetesimals  in  building  up  each  knMt  into  a  planet, 

•••id,  or  satellite  would  give  the  mass  an  orbit 
much  mon-  nearly  circular  than  either  the  average 
planetesimal  or  the  knot  had  possessed  before.  The 
prin* :  ;<  h  combinations  are  illustrat  ^s.  22 

and  23.  While  these  are  selected  cases  and  somewhat 
specially  favorable  perhaps,  they  yet  fairly  represent 
the  tendency  of  aggregation  to  produce  circular! 

In  >upj-  this,  it  is  interesting  to  note  that  the 

orbits  of  the  four  great  planets — which  must  probably 
have  grown  most — are  more  nearly  circular,  on  the 
average,  than  those  of  the  terrestrial  planets— which 
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should  have  grown  less — and  that  tin-  orbits  of 

in  turn,  are  more  nearly  circular,  on  the  average,  than 

the  orbits  of  the  planetoids  which  probably  grew  still 


FIG.  22. — Diagram  to  illustrate  the  tendency  toward  circularity 
when  the  orbits  of  the  uniting  bodies  have  concentric  positions.  The 
two  bodies  revolving  in  the  orbits  A  and  B,  and  uniting  at  D,  necessarily 
take  an  intermediate  orbit,  C,  with  an  obvious  advance  toward  circu- 
larity. In  less  simple  and  symmetrical  cases,  the  result  is  less  obvious, 
but  it  would  be  of  the  same  order  in  all  cases  involved  in  tin-  prohlcm  in 
hand. 

SPACING  OF  THE  PLANETS 

In  the  earlier  part  of  this  chapter,  the  original  spacing 
of  the  planetary  knots  was  assigned  to  the  different 
degrees  of  force  of  projection  that  arose  from  the  changing 
relations  of  sun  and  star  and  from  the  progressive 
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exhaustion  of  rruj.iivc  resources.    Given  this  primary 

ution,  a  secondary  influence  began  to  work  • 
ducc  a  higher  degree  of  regularity.  Let  it  first  be  noted, 
however,  that  it  is  easy  to  over-emphasize  the  degree 
of  regularity  that  actually  obtains.  Clearly  this  has  been 
in  the  atu-mpts  to  make  the  spacing  of  the  planets 
appear  as  an  expression  of  "  mathematical  law."  The 
M  mhlance  of  a  law  only  appears  after  there  has  been 


33.— Diagram  to  illustrate  the  evolution  of  circularity  where 
the  orbits  of  the  uniting  bodies  are  as  far  as  possible  from  having  con- 
centric positions.  The  bodies  in  the  orbits  4  and  B,  meeting  and  uniting 
at  I),  necessarily  take  an  intermediate  orbit  C,  which  is  obviously  more 
circular  than  either.  In  leas  symmetrical  cases,  the  tendency  would 
be  of  the  same  order. 

MiitaMc  preliminary  trimming  of  the  facts  of  distribution, 
and  even  then  the  effort  is  made  seemingly  successful  only 
by  overlooking  a  bad  break  in  one  of  tlu  ri^ht  iti-m> 
involved.  NOIU-  tlu  K-».  the  spacing  is  sufficiently  sub- 
regular  to  require  consideration. 

If  any  planet  grew  most  from  planetesimals  moving 
in  orbits  larger  than  its  own,  its  orbit  would  have  been 
enlarged;  if  it  grew  most  from  planetesimals  in  smaller 
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orbits,  the  reverse.  If,  therefore,  the  planetesini;ils 
were  evenly  distributed,  and  if  two  of  the  planetary 
knots,  at  the  beginning  of  their  growth,  happened  to  h 
orbits  close  to  one  another,  while  on  the  opposite  sides 
there  were  wider  spaces,  the  two  knots  would  add  less 
matter  to  themselves  from  the  narrow  space  Ixtv. 
them,  for  which  they  were  competitors,  than  from  tin 
ampler  space  on  the  opposite  sides  where  the  feeding- 
ground  was  more  largely  their  own.  As  a  mechanical 
necessity,  they  would  move  apart.  In  the  course  of  a 
growth  involving  probably  more  than  half  the  total 
mass  of  the  planets,  this  automatic  adjustment  should 
probably  have  had  an  appreciable  value,  modifying 
the  original  spacing  of  the  planetary  nuclei. 

If  Neptune  grew  from  the  knot  that  was  projected 
farthest  from  the  sun,  there  should  have  been  little 
scattered  matter  beyond  it  to  be  gathered  in  on  its  outer 
side,  while  not  a  little  may  have  fallen  somewhat  short 
and  have  been  gathered  in  later  on  its  inner  side.  In 
this  case,  the  Neptunian  orbit  shrank  as  the  planet  grew, 
and  this  may  be  why  its  orbit  falls  far  short  of  the  posi- 
tion assigned  it  by  Bode's  formula. 

GROWTH  AND  ADJUSTMENT  OF  THE  SATELLITES 

The  growth  of  the  satellites  from  secondary  knots  is 
presumed  to  have  followed  the  same  general  lines  as  the 
growth  of  the  planets  from  the  primary  knots,  but 
certain  special  features  call  for  comment.  All  satel- 
lites, as  a  necessity  of  their  continuance  as  satellites, 
revolve  within  the  spheres  of  control  of  their  primari 
I  n  view  of  this,  it  is  assumed  that  the  satellite  knots  left 
the  sun  within  the  spheres  of  control  of  their  primaries 
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and  that  they  always  remained  within  them.  A  cap- 
tured  satellite,  while  perhaps  not  an  impossibility,  should 
bear  di>tim  t  earmarks  of  its  exotic  origin 

Each  of  tin-  l.ir-r  families  of  satellites  is  assembled  in  a 
disk  in  or  near  the  plane  of  the  planet's  equator.  The 
configurations  of  these  satellite  families  arc  very  similar 
to  that  of  the  planetary  family,  with  a  single  notable 
exception.  There  ar<  -grade  planets,  and 

y  provides  for  none;  but  thru  retrograde  satel- 
lites have  recently  been  discovered,  and  theory  pro- 
vides for  the>e.  In  addition  to  the-*-,  there  are  the 
highly  oblique  satellites  of  Uranus  and  Neptune,  but 
these  perhaps  belong  to  a  somewhat  different  type. 
The  rotations  of  the  planets  Uranus  and  Neptune  are 
not  known.  Their  satellites  probably  revolve  har- 
moniously with  them.  However  this  may  be,  the 
satellite  orbits  arc  highly  oblique  to  the  invariable  plane 
of  the  planetary  system  and  may  be  regarded  as  retro- 
grade. Thi>  .it  i  i-  erhaps  assignable  to  the  mode 
of  escape  of  the  parent  knots  from  the  sun.  If  these 
knots  were  the  products  of  the  first  great  eru: 
from  the  opposite  sides  of  the  sun,  their  rotations  were 
un influenced  by  prior  great  eruptions  and  the  law  of 
chance  was  applicable  to  them;  this  they  fairly  satisfy. 
The  great  belches  that  came  later  may  have  been  much 
influenced  by  the  pulsations  that  long  followed  the 
»n  of  their  predecessors.  At  any  rate,  the  rotations 
of  Jupiter  and  Saturn  are  forward  and  quite  swift; 
•  no  hint  of  instability  or  reversal.  Both 
Jupiter  and  Saturn  have  goodly  families  of  satellites 
that  revolve  in  harmony  with  themselves.  Vet  Jupiter 
has  two  moons  that  in  a  retrograde  direction, 
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and  Saturn  has  one.  Under  the  phuuUsimal  view  this 
is  interpreted  to  mean  that  the  larger  part  of  the  frag- 
menting action  about  the  borders  of  the  great  beK  In > 
that  sent  forth  the  Jovian  and  Saturnian  knots  was 
actuated  by  the  great  impulses  that  gave  rotation  to  the 


FIG.  24. — An  eruptive  prominence  of  the  sun  showing  a  series  of 
sub-knots  projected  with  the  main  knot.  Photographed  at  the  Yerkes 
Observatory. 


primary  knots,  but  yet  that  minor  fragmenting  outburst- 
occurred  on  the  opposite  side  and  gave  rise  to  secondary 
knots  with  retrograde  revolutions.  These  probably 
succeeded  in  maintaining  themselves  because  they  were 
far  out  where  orbital  matter  was  scant,  and  the  amount 
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v  encountered  was  limited.  As  anticipated  by 
Moulton,  from  the  mechanics  of  the  case  before  their 
di&t  their  orbits  an-  notably  eccentric  and  the 

planes  of  their  orbits  divergent  from  the  equatorial 
planes  of  thrir  primaries. 

These  anomalies  aside,  tin-  di-timtly  harmoniou> 
relations  of  the  other  satellites,  the  great  majority,  is 
so  notable  as  to  imply  an  efl  ause.  The  primary 

basis  for  harmony  probably   lies  in  the  fact  that  the 
impulse  which  gave  the  planetary  knots  their  initial 
rotations  also  gave  the  secondary  knots  their  revolutions. 
samr  impulse  should  also  have  determined  the  planes 
u lion  of  the  multitude  of  more  minutely  frag- 
mented bodies  that  were  driven  forth  by  the  same  blast 
and,  like  the  satellite  knots,  revolved  about  the  plane- 
tary centers,  that  is,  the  satellitesimals.     Beside  such 
inheritances   from   the  original  ejection,   there  should 
>!>ed  perpetually  an  orbital  ultra-atmosphere 
about  i  ipetent   knot  in  the  manner  set  forth 

in  the  first  chapter.  1  hi-  should  have  been  a  perpetual 
dynamiial  tie  between  the  orbital  portion  of  the  knots 
and  the  cores,  and  should  have  constituted  a  harmonizing 

lent  at  all  times  in  the  evoluti  :  A-  the  knots  grew 
up  in  the  mi.Ui  of  this  satellitesimal  system,  and  in  this 

:tal  ultra -atmosphere,  and  were  fed  from  them  and 
fed  into  them,  their  ..mplete  mutual  adjustment 

follows  as  a  natural  consequence.  One  feature  of  this 
adjustment  was  an  evolution  of  the  satellite  orbits  in  the 
dire  i  tion  of  progressive  circular  i  the  case  of  the 

planetary  family;  so  similarly  there  should  have  been  a 
spacing  of  the  satellite  orbits  into  similar  sub- regularity. 

r  harmony  between  the 
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satellites  that  rotated  with  tlu-ir  primaries,  but  they 
worked  in  a  diversive  way  with  the  recalcitrant  retro- 
grade satellites.  It  is  of  no  little  significance,  in  this  con- 
nection, that  Moulton  foresaw  not  only  that  retrograde 


FIG.  25.— A  double  spiral  nebula,  N.G.C.  4567  and  4568.    Photo- 
graphed at  the  Mount  Wilson  Solar  Observatory. 


satellites  might  arise  under  the  planetesimal  hypothe- 
sis, but  that  their  orbits  would  be  more  eccentric, 
and  their  orbital  planes  more  divergent,  than  those  of 
the  concurrent  satellites.  This  forecast,  based  on  the 
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natural  workings  of  the  mechanics  of  the  case,  has 
proved  true  in  all  tlu-  three  cases  of  recalcitrant  satel- 


PLANETARY  ATMOSPHERES 

•n  tin-  I"  of  the  planetary 

,    theory   indicates   that    there   should   have  been 
an  exchange  between  the  orbital  portion — the  satellites!- 

mals— that  occupied  tin  outer  lieM  of  the  sphere  of  i 

trol.  and  the  denser  inner  parts  th.  d  the  more 

intimately  organi/ed  collecting  renter;    later,  in  the  case 

he  earth  and  all  larger  planets,  as  the  evolution  per- 

this  central  mass  gathered  about  itself  a 

threefold   atmosphere,  a  lower  and  denser  collisional 

graduating  outward  into  a  vaulting  or  krenal 

and    this,    in    turn,    graduating    into    an 

tal  atn.  .  as  set  forth   in   the  first  chapter. 

Thi>  imposed  a  circulatory  infUieme  upon  the  wnole 

assemblage  within  the  sphere  of  control,  except  such 

parts  as,  from  the   beginning,  were  given  an  opposite 

rfgime  and  were  able  to  retain  a  recalcitrant  attitude. 

main  growth  under  these  condr  ard 

•.ml  >ymmet: 

Thus   the  planetary   sy>tem   and.   in   the   main,   the 

satellite  sy>tem.  grew  more  and  more  >\ -m metrical  and 

harmonious  as  the  evolution  of  the  spiral  nebula  went 

and  so  came,  in  time,  to  Constitute  a  sub-circular 

disk  of  planets,  themselves  the  of  similar  disks 

satellites,     in     which,     however,     there     remained 

diversities  of  masses,  of  r«  of  inclination^ 

eccentri  -f  space  relations,  and  of  other  features, 
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that,  as  Dynamic  vestiges,  still  betray  significant   indi- 
vidualities of  origin. 
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ln-iit  the  tree  is  incline-: 

juvenile  -h.iping  of  the  earth  may  be  said  to  have 
begun  as  soon  as  pla  unccd  to  plunge 

into  the  earth-knot  of  the  nebula,  and  both  knot  and 
planetesimals  began  to  gather  into  a  dense  body.  The 
drawing  of  an  atmosphere  close  about  the  young  earth 
commenced  almost  simultaneously.  The  gathering  of 
the  primitive  \vater>  into  the  hollows  of  the  earth-surface 
soon  followed.  These  three  concurrent  activities  were 
master-processes  in  the  growth  of  the  infantile  earth; 
were  the  geologic  triumvirate.  They  wrought 
together  toward  the  earth's  final  shaping  into  the  litho- 
e,  the  hydrosphere,  and  the  atmosphere.  Starting 
almost  at  the  beginning  of  the  earth's  history,  these 
three  great  activities  gave  direction  to  the  pi 
growth  and  thus  dominated  its  later  career.  Our  in- 
terest now  Centers  in  the  way  in  which  the  young  earth 
was  forced  to  depart  from  an  ideal  spheroidal  form  and 
to  take  on  deformative  lineaments  that  grew  at  length 

its  present  configurations. 

As  our  genetic  assumptions  are  now  well  understood,  I 
beg  to  indulge  more  i  the  simple  style  of  direct 

affirmation,  when  no  new  assumptions  are  involved. 

SELECTIVE  SEGREGATION  OF  HEAVY  MATERIAL 

As  soon  as  the  more  refractory  substances  of  the 
parent  nebula  began  to  gather  to  one  another  to  form 
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minute  aggregates,  these  must  have  taken  on  different 
degrees  of  elasticity  according  to  their  several  natu 

the  collecting  process  involved  coll  ision>.  tin  rrl)<>uml> 
from  the  encounters  became  a  selective  agency,  for  tin- 
sharp  recoils  of  the  highly  elastic  aggregates  were  less 
favorable  to  concentration  than  the  deadened  respoi 
of  the  inelastic  aggregates.  In  these,  the  opposing 
components  of  motion  were  largely  killed  by  collision, 
and,  thus  partially  arrested,  the  aggregates  responded 
more  readily  to  gravity  and  were  more  largely  drawn  to 
the  nucleus.  Inelastic  matter  thus  took  precedence  in 
assembling.  Probably  the  metals — or  their  alloys, 
oxides,  sulphides,  and  similar  compounds — and  tin- 
basic  silicates  were  leaders  in  this  early  segregation. 
Obviously,  however,  no  such  selective  process  would 
be  complete.  At  most,  it  led  merely  to  a  preponderance 
of  basic  and  metallic  material  in  the  heart  of  the  earth. 

It  is  a  growing  belief  that  all  great  rotating  bodies  are 
magnetic  because  of  the  electric  charges  they  bear. 
The  magnetism  of  the  sun,  so  brilliantly  demonstrated 
by  Hale  and  his  colleagues,  lends  plausibility  to  this 
view,  for  the  sun  is  too  hot  to  retain  the  familiar  mag- 
netism of  iron  and  its  kindred  metals.  We  have  imVrm  1 
that  the  nebulous  matter  of  the  terrestrial  knot  was 
rotatory  from  its  very  ejection  from  the  sun.  That  it 
should  have  been  affected  by  electric  dissociation  almost 
goes  without  saying.  The  luminosity  of  nebulae-  perhaps 
springs  from  their  electric  states.  It  is  then  a  plausible 
conclusion  that  the  earth-to-be  was  magnetic  when  it 
was  only  a  nebulous  knot.  At  any  rate,  the  earth  is  now 
magnetic  and  we  only  follow  the  probabilities  in  pro- 
jecting its  present  qualities  back  to  its  infantile  states. 
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If  m.i-mth  ,  all  planetesimal  matter  susceptil.K  to 
magmti'  attraction  would  have  been  drawn  toward 
the  earth-center  by  two  forces,  the  magnetic  and  UK 
gravii  nickel,  cobalt,  and  some  of 

have  thus  taken  precede-  r  non- 


magnetic substances  in  muring  '  *:»«•  earth. 

18,  tlu-  ><  ami  ma: 

i>m  were  perhaps  united  in  ig  a  preponderance 

avy  material   in    th  rth      \ 

thekss.  this  lu-a\  \  iave  been  mm  h  • 

with  ahn«»t  t-xcry  ntlu-r  kind  of  material  and  the  nucleus 

have  bern  lu-terogeneou-.     It  >hoiild  thu>  have 
iurni>!u<l  the  basis  for  a  profound  inner  reorganization; 

ill  IK-  the  subject  of  tlu-  iu-\t  c  ha: 

TEMPERATURE  AND  PHYSICAL  STATE  OF  THE  INTERIOR 

What  ump<  nd  what  physical  state  would  have 

arisen  in  tlu  lu  art  of  the  earth  from  a  slow  planetesimal 

growth  is  a  question  of  deep  intm  >t.  i>ut  tlu  final  word 

\)C  spoken.    Much  must  have  depended  upon 

which  orbital  dynamics  prevailed  in  the 

terrestrial  knot.     In  deliberating  on  this  questi- 

cannot  be  too  constantly  borne  in  mind  that  all  but  a 

small  fraction  of  the  earth-knot  must  have  been  com- 

posed of  matter  that  condenses  to  the  liquid  or  solid 

fnnn    at  high   tempera  tun  •>.     Even   if  this  dominant 

matter  escaped  cooling  to  the  solid  state  as  a 

normous  expansion  it  >unVr<xl  on  emerging 

from  the  >un.  it  is  doubtful  whether,  in  so  diffuse  a  state, 

it  could  have  been  maintained  at  vapor  temperatures 

for  any  appreciable  time  after  it  began  to  sweep  through 

ullar  space.    The  knots  of  spiral  nebulae  are 
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apparently  quite  persistent.  elx-  they  would  be  less  i  oca 
mon.     If  only  sustained  by  inter  collisions  of  the  ga 
type,  they  might  be  expected  to  collapse  into  a  con- 
centrated form  in  relatively  short  periods.    It  seem-. 
therefore,  a  plausible  inference   that   the  orbital  Mate 
prevailed    in    the   outer  portions   of   tin-    knot-.      I  In 
interiors  of  the  knots  might  still  be  gaseous. 

Thus  it  appears  that  \\v  cannot  reason  very  securely 
relative  to  the  primitive  temperatures  of  thedec-p  interior 
of  the  embryonic  earth.  It  does  not  seem  imperative 
to  assume  that  the  central  temperatures  were  extremely 
high,  whatever  one  may  think  of  the  probabilities  of  the 
case.  It  does  not  appear  wholly  safe  to  assume-  that 
even  the  innermost  core  of  the  earth  took  on  the  liquid 
state,  even  at  the  outset,  or,  if  it  did,  that  it  long  retained 
that  state,  however  congenial  to  inherited  predilections 
such  an  inference  may  be. 

The  conditions  that  controlled  the  accessions  which 
constituted  the  later  growth  of  the  earth  may  be  inferred 
with  more  confidence. 

The  vaporous  nucleus  that  would  directly  condense 
may  have  been  only  a  minor  part  of  the  knot;  the 
primitive  core  may  thus  have  been  small.  Yet  it  would 
be  the  mass  of  the  whole  knot  that  would  be  the  seta  t  ive 
agency  in  holding  or  failing  to  hold  the  several  grades 
of  molecules.  If  the  mass  of  the  knot  bore  any  such 
ratio  as  we  have  supposed  to  the  mass  of  the  adult  earth, 
it  is  safe  to  assign  it  gravitative  power  enough  to  have 
held  free  nitrogen,  oxygen,  carbon  dioxide,  and  water- 
vapor.  Let  us  proceed,  then,  on  the  assumption  that 
planetesimals  could  reach  the  core  of  the  earth  only  by 
plunging  through  an  envelope  of  satellitesimals  and 
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atmosphere.    At   lea 

present  at  the  start,  it  would  begin  to  gather  at  an  early 

stage. 

By  far  the  greater  number  of  the  multitude  of  mi 
ites  that  plunge  daily  into  <mr  atmosphere  tecome  whitc- 
hot  and  are  dissipated  while  yd  in  the  very  thin  upper 
air.  ( inly  a  very  small  |>n>i><>rtion  ever  reach  the  denser 
air  r\vn;  only  rarely,  rel.it  ivelv.  do  meteorites  have  mass 
enough  to  reach  the  earth  before  they  are  completely 
dissipated.  Meteorites  have,  therefore,  almost  no 
power  of  heating  the  body  of  the  earth.  There  is  little 
reason,  then,  to  suppose  that  planetesimals,  even  if 

plunged  through  the  satcllitesimals  and  into  the 
young  atmosphere  much  more  frequently  than  meteorites 
now  do,  could  have  greatly  heated  the  earth.  It  is  not 
likely  that  the  planetesimals  reached  masses  comparable 
to  such  of  the  meteorites  as  endure  the  atmospheric 
wastage  and  reach  the  earth's  surface.  If  quite  small,  as 
seems  probable  from  the  mode  of  their  formation,  the 
planetesimals  would  be  almost  universally  dissipated  in 
even  though  the  young  atmosphere  was 
a-  thin  a>  that  of  Mars.  Even  if  this  were  not  so,  they 

:  probably  have  been  very  cold  when  they  entered 

iter  air  and  might  have  retained  a  cold  int 
as  me  ometimes  do,  notwithstanding  the  heating 

of  their  >ur faces  by  atmospheric  friction.    Meteorites, 
plunged  through  the  whole  atmo- 

and  into  the  earth,  are  said  sometimes  to  retain  a 
very  low  temperature  within.  1  hey  are  reported  even  to 
freeze  the  earth  in  which  they  imbed  themselves.  At 
any  rate,  the  low  temjHTaturcs  brought  in  from  space 

be  set  over  against  the  heat  of  atmospheric  f: 
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in  the  ledger  of  U'm]HTutuiv  effects.  Very  si.ijnilirant. 
in  this  respect,  is  the  almost  incredible  existence  of  a  small 
class  of  meteorites  largely  formed  of  volatile  and  com- 
bustible hydrocarbons.  These  have  reached  the  earth 
without  either  complete  vaporization  or  combustion. 
Meteorites  (which  are,  in  origin  and  in  dynamic  state, 
different  from  plane tesimals,  though  the  two  are  not 
uncommonly  confounded)  plunge  into  the  atmosphere  at 
velocities  higher  than  those  which  probably  actuated  the 
planetesimals,  for  the  latter  moved  with  the  earth  and 
their  mean  differences  of  velocity  were  notably  less. 
They  should  have  joined  it  at  perhaps  a  third  or  a  fourth 
of  the  mean  velocity  of  meteorites.  The  conclusion  may 
therefore  be  drawn  rather  firmly  that  very  little  of  the 
heat  of  impact  of  the  planetesimals  affected  the  interior 
of  the  earth's  body. 

The  strokes  of  the  planetesimals  doubtless  gave  rise 
mainly  to  planetesimal  dust  in  the  thin  air  high  above 
the  earth's  surface  where  such  heat  of  impact  as  arose 
was  readily  dissipated.  Settling  thence  gradually  from 
the  outer  air  as  it  did,  there  is  perhaps  as  much  reason 
to  regard  the  planetesimal  dust  as  a  bearer  of  low 
temperature  as  of  high  temperature. 

Leaving,  then,  as  an  open  question  the  temperature 
of  the  innermost  core  of  the  earth — and  so  the  question 
of  its  original  state  of  fluidity  or  solidity — the  matter 
added  in  the  later  stages  by  the  fall  of  planetesimal 
dust  and  planetesimal  residuals  probably  brought  little 
accession  of  heat.  The  weight  which  was  added  by  the 
accessions  of  course  generated  heat  in  the  interior 
by  compression,  but  the  liquefying  effects  of  this  were 
antagonized  J)y  the  increase  of  pressure  that  caused  it. 
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A  like-  remark  may  be  made  with  even  less  n 

the  satelliteMmal  -.tun  <mountercd 

ami  carried  down  by  the  plain tcsimals. 

in    near    its    beginni-  •,-,    the    earth    is 

phtured  as  growing  up  largely  by  the  accession  of 
planetesimal  dust  after  it  had  been  wafted  to  and  fro  by 
the  atmosphere.  The  accessions  were  soli*  1  matter.  It 
i>  our  view  that  i  uiined  solid,  except  as  specific 

tondi1  :ig  liqueLu  tion  arose  after  their  burial 

and  red in  ed  selected  portion,  to  the  molten  state. 

SOURCES  OF  THE  ATMOSPHERE 

The  growth  of  the  atmosphere  of  the  young  earth  is 
assigned  to  three  >ourccs.  A  lertain  proportion  of 
nitrogen,  oxygen,  and  other  atmospheric  elements 
doubtless  found  a  place  in  the  nebulous  knot  at  the 
rt  these  elements  were  entrapped  or  com- 
bined with  less  volatile  matter  and  were  carried  with  it 
into  the  growing  earth-body.  Set  free  later  by  internal 
»ns,  a  portion  of  this  atmospheric  material  was 
carried  out  by  volcanic  and  other  extrusive  processes. 
Another  portion  of  the  atmospheric  material  of  the  knot 
probably  escaped  comhi  mi  entrapment  and 

simply  gathered  more  and  more  closely  about  the  earth 
body  as  it  grew  ;  this  portion  was  merely  the  irreducible 
gaseoi;  mm  of  tin  knot       \  third  |>ortion  of  the 

phere  probably  came  in  with  the  planetesimals,  or 
as  pla  ils.    Some  of  this  alien  portion  may  have 

'.ir  state  as  it  came  in.  that  i- 

stituted  molenilar  planetesimals;  more  largely  perhaps 
it  had  been  combined,  absorbed,  or  occluded  in  the 
planetesimals  as  they  formed  in  space.  Such  absorbed, 
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occluded,  or  combined  con>titiu-nis  \\crv  doubt 
largely  driven  out  wlu-n  llu>  plaiu-tesimals  were  In-atcd 
by  their  plunge  into  the  upper  air;  for  tin  rest, 
they  were  probably  given  forth  after  burial  by  inh -rnal 
processes.  These  sources  of  gain  imply  that  there 
were  means  of  loss  when  the  nature  of  the  action  was 
reversed. 

The  atmosphere  is  hence  regarded  as  the  product  of  a 
long  and  complex  growth,  beginning  early  and  < 
tinuing  even  to  the  present  day.  This  long  growth 
was  conditioned,  on  the  one  side,  by  the  rate  of  accession 
and  by  the  nature  of  the  added  constituents,  and,  on 
the  other,  by  the  power  of  the  young  earth  to  hold  the 
various  kinds  of  atmospheric  molecules  that  came  to  it, 
as  also  by  the  various  rates  of  their  combinations  with 
earth-substance.  The  conditions  that  affect  the  power 
of  the  earth  to  hold  an  atmosphere  were  discussed  in  the 
first  chapter.  These  conditions  no  doubt  played  a  very 
important  r61e  in  determining  the  ingredients  and  volume 
of  the  juvenile  atmosphere.  They  have  probably 
served  an  equally  important  function  in  their  selective 
influence  on  the  maintenance  of  the  atmosphere  during 
all  the  ages  that  have  intervened  since. 

It  is  barely  possible  that  the  earth-nucleus,  in  its 
very  earliest  stages,  did  not  have  gravitative  power 
enough  to  hold  an  atmosphere  of  such  active  constituents 
as  free  nitrogen,  oxygen,  and  the  vapor  of  water;  it  is 
barely  possible  also  that  these  elements  were  all  united 
with  the  matter  of  the  knot;  in  either  of  these  cases  tin 
primitive  atmosphere  was  probably  formed  only  of 
vapors  whose  molecular  velocities  were  lower,  and  the 
later  atmosphere  must  have  come  almost  wholly  from 
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chemical  dissociation  and  from  the  planctesimals  and 
satellitesimals.    But  this  seems,  on  the  whole,  improb- 

COLLECTION   OF    im     HYDROSPHERE 

gathering  of  the  waters  ujxm  the  face  of  the  earth 

loosed  to  have  been  somewhat  delayed,  at  first,  but 

have  soon  joined  the  atmosphere  in  blanketing  the 

globe.    Molecules  of  water-vapor  have  somewhat  higher 

molecular  t-s  than  molecules  of  nitrogen,  oxygen, 

or  carbon  dioxide,  and  hence  an  ocean  may  not  well 

precede  an  utm<»pht -re  in  a  gradual  process  of  growth. 

In  any  case,  water-vapor  should  have  preceded   the 

liquid  form.     li  tin  mass  of  the  terrestrial  knot  were  so 

great  as  30  or  40  per  cent  of  the  grown  earth,  it  should 

have  had  gravitative  power  enough  to  hold  water-vapor, 

ami.  judging  from  the  rhemual  ^institution  of  the  sun, 

a  sufficiency  of  appropriate  matt-rial  should  have  been 

•rih  with  the  knot  to  form  a  hydrosphere  as  well  as 

an  atmosplu  re  about  as  soon  as  the  mode  of  aggregation 

Bitted. 

The  special  property  of  water  responsible  for  the 
growth  of  great  oceans  is  the  persistency  with  which  its 
vapor  condenses  to  the  liquid  form  at  the  temperatures 
that  prevail  at  the  surface  of  the  earth.  Free  nitrogen, 
free  oxygen,  and  most  of  the  other  permanent  con>tit 
uents  of  the  atmosphere  never  take  the  liquid  form 
under  natural  romlition>  of  temperature  ami  pressure. 
rompt  condensation,  water  becomes  a 
very  unstable  constituent  of  the  atmosphere  and  rarely 
forms  any  great  proportion  of  it.  The  liquid  state  is 
water's  normal  form  under  most  terrestrial  conditions 
None  the  less,  water-vapor  was  doubtless  the  parental 
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form  of  the  whole  hydrosphere.  If  water  >ul)>tan<  c  were 
to  be  gradually  removed  from  the  earth,  wall  >uld 

linger  after  liquid  water  had  disappeared;  so,  by  reversal. 
it  quite  certainly  appeared  before  water  condensed. 
At  all  times  after  their  inception,  the  water- vapor  envel- 
oping the  earth  and  the  waters  on  its  surface,  strove  to 
maintain  an  equilibrium  between  themselves,  but  this 
was  greatly  embarrassed  by  constant  changes  of  tem- 
perature, and  was  furthermore  much  interrupted  and 
restrained  by  the  circulation  of  the  atmosphere,  and  so 
the  juvenile  earth  undoubtedly  had  its  arid  regions 
as  well  as  its  humid  regions.  The  old  picture  of  a 
warm  moist  atmosphere  enveloping  the  whole  earth 
is  held  to  be  physically  untenable  even  under  the 
conditions  of  the  early  geologic  ages,  for  descending 
air  currents  in  a  natural  circulation  are  inevitably  dry 
currents. 

CO-OPERATION     OF     LITHOSPHERE,     HYDROSPHERE,     AND 
ATMOSPHERE 

Our  general  picture  of  the  history  of  the  juvenile 
planet  is  then  tripartite,  a  small  lithosphere,  a  small 
atmosphere,  and  a  small  hydrosphere  growing  up 
together  in  co-operation  and  at  the  same  time  in  com- 
petition and  antagonism,  and  so,  by  their  interactions, 
working  out  their  adjustments  to  one  another  pro- 
gressively. The  environing  conditions  are  not  regarded 
as  radically  different  from  those  of  the  geologic  ages,  or 
of  the  present.  Notable  oscillations,  however,  ran 
through  the  whole  history.  The  picture  is  quite  at 
variance  with  the  traditional  one  sketched  in  the 
Introduction. 
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Tht-  the    inter.u  tions,    the    competitive- 

struggles,  and  the  mutual  adjustments  of  the  great 
triumvirate  in  progressively  shaping  the  lithosphcre,  the 
hydrosphere,  and  the  atmosphere  throughout  the  ages 
i*  the  task  assumed  by  geology.  The  great  contest, 
however,  had  its  origin  in  the  genesis  of  the  earth,  and  the 
main  lines  of  the  contest  took  form  in  the  earth's  infan- 
tile ages.  We  should  fail  to  tell  a  vital  part  of  the 
story  of  the  earth's  beginning  if  we  passed  without  note 
•  i -pi  ion  and  the  early  alignment  of  the  prolonged 
struggle  that  is  the  very  soul  of  geologic  history. 

the  stage  when  first  the  stratigraphic  record 
becomes  distim  tly  legible,  the  struggle  of  earth,  air,  and 
water  had  attained  working  relations  much  the  same  as 
t>ear  today.  The  lithosphere  had  taken  on  great 
continental  reliefs  and  great  oceanic  depressions.  Then, 
as  now,  apparently  about  two-thirds  of  the  surface  was 
deeply  submerged  and  about  one-third  was  strongly 
bowed  upward.  The  waters  sometimes  confined  them- 
selves to  the  abysmal  depressions  and  sometimes  flooded 
the  lower  borders  of  the  continental  protrusions.  The 
waters  and  the  air  joined  forces  in  a  ceaseless  endeavor 
to  wear  down  the  protrusions,  but  they  rarely  more 
than  half  succeeded  before  the  accumulated  stresses  of 
the  lithospherc  brought  on  a  new  series  of  deformative 
readjustments  by  which  the  continental  protrusions  were 
renewed,  the  basins  deepened,  and  the  waters  with- 
drawn more  largely  into  the  abysmal  depths.  The 
powers  of  the  lithoxphere.  though  only  now  and  then 
made  manifest  in  marked  degree,  have  thus  far  held 
the  mastery.  The  final  issue  hangs  no  doubt  on  the 
hidden  resources  of  renewable  reshaping  power  in  the 
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lithosphcre.  If  these  resources  shall  fail.  I  IK-  unceasing 
gnawings  of  tin-  rains,  tin-  winds,  the  streams,  and  the 
seas  will  certainly  cut  away  the  land  and  leave  a  uni- 
versal ocean,  save  as  volcanic  piles — if  the  volcanoes  still 
live — may  rise  above  its  surface.  If  the  hidden  powcr> 
of  the  lithosphere  shall  seriously  weaken  with  time, 
the  periodic  incursions  of  the  sea  will  disastrously  con- 
strict  land  life  at  the  epochs  of  crisis.  But  if  the  hidden 
powers  of  the  lithosphere  are  adequate  to  indefinite 
renewal,  continued  rejuvenations  of  the  continents  may 
be  assumed  to  be  assured.  The  ultimate  issue  hangs 
on  the  reserve  power  of  re-formation — we  say  deforma- 
tion— inbred  in  the  lithosphere  in  its  youth.  From  this 
the  renewal  springs.  The  nature  of  these  inbred 
sources  is  now  our  problem. 

Let  us  recall  the  processes  of  growth  that  #ave  the 
basal  elements  of  this  inbred  power,  as  interpreted  by 
the  plane tesimal  hypothesis.  The  earth-body  grew 
up  by  a  multitude  of  minute  accessions  coming  by  way 
of  the  atmosphere  and  carried  by  it  to  resting-places 
far  or  near  as  conditions  determined.  The  atmosphere 
thus  took  the  first  turn  at  the  distribution  of  the  earth's 
new  material.  If  the  accessions  fell  into  the  wat< 
these  took  the  next  turn  and  bore  the  accessions  along 
their  courses  to  resting-places  which  they  determined. 
The  lithosphere  was  permitted  to  receive  its  accretions 
only  as  dictated  by  these  intermediary  agencies. 

But,  on  the  other  hand,  the  configuration  of  the  earth- 
body  had  previously  determined  where  the  waters  should 
lie,  and,  in  some  measure,  how  they  should  move,  and 
had  thus  circumscribed,  by  its  own  prior  action,  the 
water's  control  over  the  accessions.  In  a  less  obvious 
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the  configuration  , .1  tin-  earth's  surface  had  given 

shape  and  place,  in  some  degree,  to  the  great  swirls  and 

gyrals  ..i    the  atmosphere,  an«l.   to  th.it  pre- 

1  the  control  of  tin-  first  < mit  roller  of  the  planetesi- 

mal  du  t      i  I  ere  is  a  tangle  of  contesting  agencies  most 

•  to  thr  in<|iiirrr  who  would  read  their  h 
in  their  results. 

task  is  further  embarrassed  by  interchanges  of 

cause  and  •  ause  is  no  sooner  realized  in 

•  han  this  effci  t  IK-*  omes  a  new  cause,  and  so  the 

ihain  of  sequence  runs  indefinitely  on.     Not  only  this. 

but  an  atmospheric  cause  gives  a  result  in  terms  of 

or  lithosplu-ric  phenomena,  and  this  result. 

becoming  at  once  a  cause,  may  tit  her  yield  a  result  in  its 

Own  fielil  or  in  the  field  of  either  one  of  the  others.      Thus 

there  arises  an  intricate  intertan^lement  of  antecedents 
and  consequents  that  are  in  a  sense  interchangeable 

To  trace  back  to  their  initial  stages  the  contribution 
of  each  agency  is  scarcely  less  than  a  hopeless  task. 
To  start  with  a  hypothetical  cosmogom  i  and 

trace  forward  the  special  modes  of  action  and  the  values 
of  participation  of  each  of  the  three  great  factors,  deduc 

.  is  scarcely  more  hopeful.  To  try  to  do  both  and 
to  shape  each  to  tit  the  other  may  seem  to  savor  of 
adjustment  and  mutual  accommodation,  hut 
it  is  legitimate  if  iiM-d  merely  as  a  means  of  guiding 
deduction  by  observed  consequences,  and  of  guiding 
induction  by  discernible  antecedents.  The  mutual  sug- 

eness  of  such  a  reciprocal  method  gives  it  the 
meager  promise  which  alone  the  entangled  case  affords. 
It  will  no  doubt  take  years  of  persistent  trials  to  work 
out  the  full  chain  of  causes  and  effects  that  led  to  the 
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results  revealed  in  the  adult  earth.  But  the  longer 
the  road,  the  sooner  a  start  were  best  made,  however 
falteringly. 

SHAPING  AGENCIES 

The  lord  of  the  shaping  agencies  was  obviously  gravi- 
tat  ion,  whose  ideal  product  is  a  perfect  sphere,  the 
standard  from  which  deformations  are  measured.  By 
far  the  most  powerful  of  the  deforming  agencies  was 
rotation.  In  the  course  of  the  earth's  past  history  it  has 
imposed  on  the  ideal  earth-sphere  dictated  by  gravita- 
tion a  series  of  depressions  of  the  high  latitudes — inter- 
rupted probably  with  many  intervening  elevations — and 
a  series  of  swells  of  all  the  low  latitudes — interrupted 
probably  with  many  intervening  depressions — the  whole 
series  resulting  in  a  graduated  polar  flattening  and  a 
graduated  equatorial  bulge,  technically  a  zonal  harmonic 
deformation  of  the  second  order.  The  residual  values  of 
all  these  past  deformations  now  appear  as  differences  in 
the  earth's  radii  ranging  up  to  13.4  miles  (21.6  kilo- 
meters). The  deformations  that  most  nearly  rival  this 
in  magnitude  are  the  continental  swells  and  oceanic  sags. 
The  vertical  swing  of  these  is  less  than  half  that  of 
the  rotational  effect,  while  the  amplitude  is  also  very 
much  smaller.  Even  the  utmost  range  of  mere  detail 
measured  from  the  highest  mountain  peak  to  the  lowest 
known  sea-deep,  falls  short  of  the  broad  rotational  range, 
while  the  masses  involved  in  the  peaks  and  deeps  are 
trivial  compared  with  those  of  the  harmonic  rotational 
deformation. 

In  addition  to  its  marked  superiority  in  potency, 
rotation  quite  surely  took  precedence  in  doing  its  deform  - 
ative  work;  it  was  an  active  force  at  the  very  outset; 
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it  was  mon  the  growing  stages 

than  afterward  n  of  earth-genesis,  rota- 

tion co-operated  with  gravitation  even  in  giving  the 
core  of  the  earth  its  initial  form.  The  deforma: 
work  of  shrinkage  and  .similar  agencies  could  only  have 
come  into  effect  later.  The  initial  departures  of  tin 
earth  from  an  ideal  sphere  are  therefore  assignable 
ihietly  to  rotation. 

The  simple  harmonic  swell  at  the  equator  and  flatten 

ing  at  the  poles  need  not,  however,  detain  us;   this  is 

the  special  point  of  interest,  but  rather  the  second 

rmative   effects,    commonly   altogether    neglected. 

•  se   arise   from    the   adjust nu-nts    that    are   forced 

whenever  there  is  any  appreciable  change  in  the  raU  of 

rotation.     It  is  obvious  that  ii  the  rate  of  rotation  is 

u  hi^li  latitude  areas  must  sink,  and  in  so 

doini;  suffer  mutual  crowding  and  compre>-  hile 

the  low  latitudes  must  rise  and  suffer  tension;    and 

vice  versa,  if  the  rotation  is  slackened.    It  is  the  effect 

of  such  changes  on  the  shape  of  the  juvenile  earth  that 

requires  consideration.    There  is  need,  therefore,  first 

to  consider  the  nature  of  the  changes  in  the  rate  of 

rotation  that  probably  arose  in  the  early  history  of  the 

earth,  and  then  to  study  their  deformative  effects  on  the 

Let  us  note,  then,  at  the  outset  that  the  present  rota- 
tion  of  the  earth  is  only  the  outcome  of  a  long  hist* 
the  net  result  may  be  far  from  a  true  index  of  the  sum- 
total  of  rotational  effects  of  all  past  time  This  total 
value  it  is  impossible  to  estimate  in  more  than  the 
roughest  way,  even  if  the  planetesimal  theory,  in  the 
venturesomely  specific  form  we  have  given  it  for  i 
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>m  h  trial  purposes,  be  fully  accepted;  hut  a  review  of  tin- 
assigned  conditions  may  be  helpful  toward  a  tentative 
pic  ture  of  the  case. 

The  initial  rotation  of  the  earth-knot  is  assigned  to  the 
inequalities  of  the  impulse  that  shot  it  from  tin  sun  and 
to  the  inequalities  of  resistance  to  its  escape.  Deduc- 
tions from  the  nature  of  the  case,  as  well  as  inferences 
from  the  observed  outlines  of  nebular  knots,  favor  an 
orbital  deployment  of  the  knots  in  some  large  degree 
at  least,  and  this  implies  much  rotatory  momentum  at 
the  start. 

But  the  critical  element  probably  lay  in  the  effect  later 
produced  by  the  infall  of  planetesimals  as  they  gradually 
built  up  the  earth  nucleus  into  the  adult  planet.  Near 
the  close  of  the  fifth  chapter,  attention  was  called  to 
the  reasons  for  believing  that  the  effects  of  the  in  falling 
matter  tended  toward  an  equilibrium  value.  This  effect 
should  have  tended  to  reduce  any  inherited  rotation 
to  the  equilibrium  value  and  to  maintain  an  equilibrium 
rate  of  rotation  based  on  that  value.  It  was  pointed 
out  that  the  mechanism  would  tend  to  keep  the  rate  of 
rotation  oscillating  about  this  equilibrium  value.  The 
planetesimals  were  very  irregularly  dispersed  along 
the  arms  of  the  nebulae,  and  the  knots  were  unsym- 
metrically  placed  relative  to  the  nebular  streams,  so 
that,  in  spite  of  all  smoothing  out  of  effects  by  the 
compensations  of  chance  distribution,  the  net  effects 
must  have  been  inconstant,  and  the  rate  of  rotation 
must  have  oscillated  about  the  equilibrium  rate.  It 
was,  however,  pointed  out  that  the  equilibrium  rate  itself 
was  almost  certain  to  undergo  changes  with  the  altera- 
tion of  basal  conditions  that  arose  from  the  progressive 


mi   ji  \i  \n  i   Mixmt,  in    mi.  i  \KIII     175 

ingathering  of  the  plain  tesimals.  Thus,  even  after  an 
equilibrium  rate  was  once  reached,  the  whole  hist, 

•n  -h.. u  1.1  have  been  one  of  <>  n,  and  oscilla- 

tion should  even  have  market!  the  progress  toward  the 
equilibrium  rate. 

Superposed  on  1 he  < !  iTects  of  rotation  were 

those  that  sprang  from  the  tides  and  from  the  shrinking 
of  the  earth-body.  The  former  were  doubtless  slight, 
hut  the  latter  were  important.  AS  the  earth  was  built 
up  by  the  accession  of  finely  divided  matter  laid  down 
by  air  or  water,  and  as  this  loose  material  was  pro- 
gressively buried,  there  inevitably  ensued  much  compres- 

and    mui  h    molerular    reorganization    to    secure 
greater  den-it)      While  the  condensation  was  no  doubt 
progressive,  it  probably  obeyed  the  higher  law  of  pulsa- 
tory action  and  fell  into  the  i>eriodk-  habit  that  so  notably 
marked  the  well  known  stratigraphic  ages.    In  any  case, 
•irinkage  tended  to  accelerate  the  rate  of  rotation; 
i  at  ion  was  periodic.    Episodes  of 

ration  from  shrinkage  are  pictured  as  occurring 
at  intervals  all  through  the  growing  stages  of  the  earth 
even  more  frequently  than  in  later  times,  and  they  must 
have  tended  to  raise  the  speed  of  rotation  above  the 
equilibrium  rate  and  incite  a  tendeiuy  to  restoration  in 
h  the  in  falls  and  the  tides  would  co-operate. 

ippears,  therefore,  that  changes  of  rotation  were 

rder  of  the  day  during  the  growth  of  the  juvenile 
earth.  I  n  t  he  known  geologic  ages,  the  effects  of  growth 
are  negligible,  but  there  Continues  to  this  day  a  contest 
betwe  !  retardation  and  its  |  the  one 

hand,  and  shrinkage  acceleration  and  its  allies,  on  the 
other. 
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From  recent  exact  studies  of  the  moon  by  Brown' 
and  others,2  *"d  3  and  from  comparisons  of  the  moon's 
irregularities  with  those  of  Mercury  and  Venus, 
there  appears  to  be  some  ground  to  suspect  that 
even  now  there  are  changes  in  the  earth's  rotation 
that  may  be  astronomically  detected.  In  view  of 
the  shortness  of  the  observational  periods  avail- 
able, this  is  more  than  could  confidently  have  been 
expected,  but  if  it  shall  be  realized,  it  may  be  re 
garded  as  quite  in  harmony  with  genetic  and  geologic 
antecedents. 

If  the  rate  of  rotation  has  changed  often,  the  vital 
question  arises:  How  did  the  earth  accommodate  it:- elf 
to  the  compressional  and  tensional  stresses  that  inevit- 
ably accompanied  the  reciprocal  swellings  and  sinkings 
of  polar  and  equatorial  regions  ?  Obviously  this  would 
depend,  so  far  as  its  precise  manner  is  concerned,  on 
the  physical  state  of  the  interior.  Consistently  with 
what  has  been  said  before,  and  conformably  with  tin- 
virtual  demonstrations  of  the  solid  state  of  the  interior, 
our  discussion  will  proceed  on  the  assumption  that  the 
earth,  at  all  stages  of  final  shaping,  was  an  elastic  solid 
of  high  rigidity.  We  shall  pass  lightly  all  consideration 
of  the  innermost  core  of  the  earth  on  which  a  final 
opinion  may  wisely  be  held  in  abeyance.  We  shall, 
however,  class  it,  by  implication,  with  the  rest,  for  unless 
there  are  cogent  reasons  for  assigning  it  a  different  state, 
the  most  conservative  view,  pending  further  seismic 
data,  is  to  assume  that  it  followed  the  habit  of  the  main 
body  of  the  earth.  The  mechanism  of  extrusion,  which 
we  shall  later  discuss,  would  probably  force  a  solid  con- 
dition upon  it,  whatever  its  original  state.  The  recent 
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ti.l.i!  determinations  of  Michdsoo4  and  colleagues*  seem 
to  imply  such  a  state. 

UTION  OP  STRESSES 

dynamic  basis  for  dctii  I  a  vital  feature. 

m  not  be  too  thoughtfully  considered  that  the  strcss- 

(iitTerences  generated  by  changes  in  the  rarth's  rate  of 

rotation,  according  to  Sir  George  Darwin,*  not  only 

pervade  the  whole  interior,  but  increase  progressively 

UT  uh  are  eight  times  as 

great  as  at  tin-  surface.    There  is  a  curious  variation 

m  a  simple  gradation  of  stress-dinV  •••in  the 

-cr  to  t)  .-in  the  sub-polar  portion,  as  shown 

in  the  accompanying  diagram  (Fig.  26)  reproduced  from 

Darwin's  classical  discussion,  but  that  may  be  neglected 

hen         1  '  '•  internal  stress  .  t«s  of  the  tides  have 

tlu-   same   distribution,   according   to   the   same   high 

So  does  any  weighting  or  relief  of  load  that 

takes  the  form  of  a  belt  about  any  equator  of  the  globe 

with  polar  areas  of  the  opposite  sta 

It   resistance  to  movement    under  rotational  stress 
<  equal  at  all  depths — or  were  easiest  in  the  central 
parts,  by  reason  of  a  mobile  state — adjustment  m« 
ments  in  ihe  Central  parts  would,  we  infer,  take  prece- 
dence, because  the  iTcrences  are  there  greatest. 
:.il  i\n  ility  of  movement  would  obtain  when  the  resist- 
ances were  distributed  according  t<>  the  same  law  as  the 
strcss-ili                 in  this  case  a  gradation  of  resistances 
it  the  >  one  at  the  surface.    The 
high-pressure  results  of  Adams,7  Bridgman,1  and  others 
show  a  relatively  rapid  increase  of  rigidity  with  increase 
of  pressure      If  an  extrapolation  of  these  to  the  heart  of 
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tin-  earth  could  be  trusted,  tin-  relative  resistances  to 
deformation  there  would  be  much  higher  than  the 
relative  stress-different  e>  arising  from  change  of  rota- 
tion. But  even  if  there  wen-  no  doubt  as  to  tin  COO 
tinuance  of  the  high  rate  of  increase  of  rigidity,  tin 
conclusion  would  perhaps  only  apply  to  the  average 


Fbl, 


26.— Diagram  showing  curves  of  equal  stress-difference  due  to 
the  weight  of  second  harmonic  inequalities  or  to  tide-generating  force. 
(Darwin.) 

mass;  very  likely  it  might  not  apply  to  special  tracts 
where  cleavage  tines,  schistosity,  and  other  facilities 
for  movement  had  been  developed  previously  by  ease- 
ment movements.  It  is  assumed  that  structural  adjust- 
ments to  movement  adequate  to  meet  the  demands 
of  stress-differences  of  a  high  order  arising  from  rota- 
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tion  WIT  -ped  in  each  stratum  soon  after  it  was 

added  at  the  surface,  and  that  these  struttural  and 

•  ir.il   iV.it  ures  were  retained,  or  were  renewed  as 
new  requirements  demanded  while  •  in  process 

:  ui rial  to  greater  and  greater  depths.    Otherwise 
that    nearly   pi-No  t    adjiMmrnt    t«»  il  demands 

which  the  earth  n«»\v  exhibits,  and  which,  judging  fr 
the  distribution  ,,i  the  waters  in  the  past,  has  prevailed 
throughout  geologic  history,  would  probably  not  have 
been  realized.     'I  hi-  i-  i  lo>ely  locked  up  with  the  ques- 
whether  the  crystalline  structure  developed  near 
the  surface  would  be  retained  as  the  layers  were  pro- 
gressively buried  under  greater  and  greater  weight.     So 
geological  and  experimental  evidence  goes, 

;casing  load /aw*  crystallization  in  rock  substances, 
except  in  the  extremely  few  cases  in  which  crystalli 
zation  involves  expansion,  as  in  ice  and  in  bismuth. 
Since   increasing   load  favors  recrystallization   into  a 
denser  form,  there  is  a  strong  presumption  that,  as 
siirLue    layers   were   more   and    more   deeply   buried, 
there  would  be  a  series  of  recrystalli/ations  in  the  ii 
est  ising  density.    So  probably  there  would  be 

I  recombinations  of  like  import.    All  this  looks 
not    <>nly   toward   continued    but    toward   progressive 

»n  with  increasing  depth.     It  seems  in: 
ently  probable  that  sUi  h  <  ryst.dline  assemblages  of  ir. 
i  ules  ni  like  kinds,  or  of  molecules  mutually  suited  to  one 
another,  as  serves  the  interests  of  compactness  and  order 
near  the  >urt\ue.  would  continue  to  obtain,  abetted  by 
adaptive  changes,  in  the  depths  «if  the  earth.      1  hisseems 
to  be  in  dose  accord  with  the  tenor  of  such  >p< , 
evidence  as  is  applicable  to  tlu  cose. 
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INTI.KN  \i.  MOVEMENT 

With  little  doubt,  our  best  guide  in  forming  a  picture 
of  the  probable  mode  by  which  adjustment  movt  -nn  -nt> 
were  carried  into  effect  in  the  deep  interior  is  to  be 
found  in  the  method  by  which  the  deepest  accessible 
rocks  have  accomplished  similar  adjustment  movement  - 
In  our  view,  the  adjustment  tracts  were  mechanically 
selected  in  each  stratum,  or  group  of  strata,  while  still 
near  the  surface;  it  was  then  that  deformative  force  was 
first  brought  to  bear  upon  it;  the  resulting  structure- 
and  textures  were  slowly  carried  down  to  deeper  horizons 
as  burial  proceeded,  and  only  progressive  changes  are 
to  be  considered.  The  initial  conditions  were  those 
of  ordinary  diastrophism  near  the  surface.  The  only 
special  question  is  whether  the  structures  and  texture- 
inherited  from  this  sub-surficial  diastrophism  would 
remain  serviceable  for  movement  as  weight  was  added, 
and  would  remain  susceptible  of  further  structural 
evolution  such  as  would  be  serviceable  for  movement 
under  the  increasing  pressures  and  stress-differences. 
This  is  closely  tied  up  with  the  question  whether  crystal- 
lization can  extend  to  the  depths  of  the  earth,  a  subject 
touched  a  moment  ago.  In  addition  to  the  considera- 
tions there  urged,  it  may  be  added  that  this  question 
receives  a  probable  answer  in  the  transmission  of  the 
distortional  phase  of  earthquake  waves  through  the 
deep  interior,  as  recorded  by  seismic  instruments.  The 
transmission  of  distortional  waves  implies  an  elastic  solid 
condition.  In  the  core  of  the  earth,  the  transmission  of 
distortional  waves  at  accelerated  rates,  through  more 
than  half  the  volume  of  the  earth,  probably  implies 
specifically  the  continuance  of  crystalline  structure  to  a 
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like  i-  the  <ry>tallinc  Mrm  tun-  is  the 

il>s lances.    The    few 

exceptional  cases  in  whit  h  "  nndercooled  liquids/'  such  as 
obsidian  an.!  other  glasses,  show  f.  i  transmitting 

distortional  waves  can  hardly  have  any  bearing  on  this 
probl.  .<•  hot  interior  of  the  earth  is  not  a 

suitable  environment  for  " undercooled"  liquids.  For 
depths  th.it  involve  more  than  half  the  volume  of  the 
rarth.  the  speed  of  the  distortional  waves  increases 
notably  with  the  depth,  which  implies  that  elastic 
ises  faster  than  density,  i'.>r  tin-  i  ids  to 

c  rate  of  transmission.    Toward  the 
the  earth  a  change  seems  to  take  place  and  the  interpre- 

of  the  seismic  waves  is  embarrassed  by  i: 
taint ies  due  to  imperfect  or  ii  :it  data.     Pending 

•  data,  we  prefer  to  ascribe  the  change  in  the  s< 
waves  to  a  change  of  earth-substance  from  predom 
silicates  in  the  outer  part  to  predominant  alloys  in  the 
bean  of  the  earth.    The  high  specific  gravity  of  the 
•aid  damp  the  speed  of  the  waves  and  might 
naturally  induce  troublesome  refractions. 

ems.  therefore,  most  in  line  with  the  trend  of  the 
s  of  recent  invi->tii;a:  assume  that  a  crystal- 

line state  extends  far  down  into  the  depths  of  the  earth, 
ii  not  t.»  its  \-er\  *  inter.  So,  also,  it  seems  most  in  the 
line  of  probabilities  to  assume  that  movements  forced 
on  this  crystalline  mass  by  stress-differences  in  the 
deeper  horizons  will  follow  the  methods  that  obtain  in  the 
lowest  horizons  laid  bare  ly  by  denudation  and 

diastrophism ;  or  if  not  by  these  precisely,  by  supple- 
mentary methods  of  like  nature  applicable  to  the  crystal- 
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MODE   01     I  Ml  RNAL  MOVEMENT 

Now  the  chief  mode  by  which  solid  r<u  k^  under 
pressure  and  heat  adjust  themselves  to  great  stress- 
differences  is  by  recombination  and  recrystal fixation 
brought  out  by  recent  investigations  in  the  field  and  in 
t  he  laboratory.9"14  By  chemical  and  physical  recombina 
tions  and  rearrangements,  the  rock  material  is  reshaped 
into  crystalline  forms  adapted  to  the  imposed  movement. 
The  change  seems  to  be  effected  by  free  molecules  acting 
individually,  or  in  groups,  only  a  small  portion  of  the 
molecules  undergoing  change  at  any  one  time,  the  rest 
retaining  their  fixed  adhesions,  so  that  the  mass,  as  a 
whole,  remains  essentially  solid  all  the  time,  and  may 
be  quite  rigid  at  all  stages.  In  general,  the  mass  does  not 
seem  to  become  even  viscous.  The  relatively  few 
molecules  that  are  changing  their  adhesions  and  combi- 
nations at  any  instant,  or  are  leaving  one  crystalline' 
attachment  and  finding  a  new  one  better  accommodated 
to  the  urgencies  of  the  stress,  seem  to  have,  for  the  time 
being,  a  freedom  of  the  fluidal  type.  Just  how  they 
make  their  way  from  one  point  to  another  among  or 
through  the  crystals  that  form  the  prevailingly  solid 
rock  is  undetermined,  but  the  fact  seems  incontestable. 
The  observed  result  is  the  formation  of  new  crystals,  or 
reshaped  crystals,  in  parallel  adjustment  to  the  lines  of 
movement.  Platy  and  columnar  crystals  are  induced 
so  far  as  the  nature  of  the  material  will  permit,  and  their 
parallel  arrangement  gives  rise  to  cleavage  between  tin- 
crystals  in  the  direction  of  movement.  This  parallel 
orientation  of  the  crystals  carries  with  it  the  crystal's 
own  internal  cleavage.  The  total  action  is  conveniently 
called  " rock-flow"  or  "solid-flow,"  but  it  is  not  to  be 
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ded  with  liquid  llow  «.r  viscous  flow.      !  ;ral 

result  b  a  arhfatflic  tract.    The  plane  of  schistosity  is  in 

general  accord  with  the  dir.  •  movement  which  is 

in  tin-  line  of  least  resistance.     In  the  case  in  hand,  tlu 

lines  of  least  resistance  are  dominantiv  directed  toward 

tlu-  surface,  and  the  schistose  tracts  should  be  vertical. 

ntravention  <>i  tlu-  tendem  \  to  horizontal 

.tn-le    i  i    MiriR-ial   or   suh- 

MII  tlu    dominant  arrangement 

Bfferent 

It  i-  tli  ssumcd,  as  the  safest  tentative  work 

in^  basix.  that   in  what-  <t    the  -t n  —  dim nnces 

came  to  be  most  intense,  recombination  and  recrystalliza- 
took  place  in  the  yield  zones  by  the  individual  move- 
ment>  «>f  freed  molecules,  with  iiuidental  cleavage  and 
schistosity,  and  that  the  requisite  movements  and  adj1 
'  hereby  accomplished.    It  may  he  noted  t 
if  this  method  became  inadequate  at  any  time,  or  in  any 
place,    the   parallel   planes  previously  generated  were 
tilted  to  facilitate  forced  movement  of  a  more  inten 

..inual  i 

It   JN  worthy  of  noting  lure  that,  if  this  method  of 

ss-easement  is  not  available  in  the  heart  of  the  earth. 

it  d.xx  not  necessarily  vitiate  the  more  essential  features 

he  interpretations  that  follow.     However,  no  limits 

he  process  of  crystallization  and  recrystallization  are 

known  under  interior  conditions  short  of  melting  and 

mutual  solution.    These  latter  probably  contributed  to 

the  deeper  movements  more  largely  than  to  the  more 

superficial  ones,  but  the  prevalence  of  liquid  material 

seems  to  be  rather  markedly  restricted  by  the  evidences 

of   elastk    ri.uidr 
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in  ted  that  this  mode  of  accommodation  was  avail- 
able for  stress-casement  in  tin-  tractfl  when-  stresses 
were  concentrated,  the  intervening  masses  were  Kit 
relatively  free  to  develop  such  higher  degrees  of  rigidity 
as  the  imposed  pressures  might  have  required. 

INTERNAL    MOVEMENTS    REQUIRED    BY    ROTATIONAL 
CHANGES 

The  shifts  of  matter  within  the  earth  required  to 
reshape  it  to  fit  a  new  rotational  rate  are  easily  pictured. 
If  rotation  slackens,  the  equatorial  tract  tends  to  sink 
and  suffer  compression,  while  the  polar  portions  tend  to 
rise  and  suffer  tension.  Between  the  rising  and  falling 
tracts  lie  fulcrum  zones  in  which  there  is  neither  rise  nor 
fall.  Across  each  fulcrum  zone,  however,  there  must  be 
a  shift  of  matter  sufficient  to  relieve  the  sinking  equa- 
torial tract  and  supply  the  rising  polar  tracts.  These 
fulcrum  zones  lie  not  far  from  30°  Lat.  N.  and  S.;  ilu-ir 
precise  positions  vary  with  the  degree  of  oblateness;  but 
we  need  not  dwell  on  these  refinements.  If  rotation 
increases,  the  shifts  are  reversed,  with  reversal  of  com- 
pressional  and  tensional  effects. 

If  the  earth  had  a  fluid  interior,  the  main  shifts  would 
be  made  by  flow  in  the  true  sense,  but  compressional  and 
tensional  effects  in  the  crust  would  be  felt  and  the  deduc- 
tions that  follow  would  probably  hold  in  a  modified  form. 
But  if  the  earth  is  solid,  with  increasing  rigidity  toward 
the  center,  as  growing  evidence  seems  to  imply,  the 
shifts  will  tend  to  take  place  by  massive  movements 
that  involve  the  least  possible  strain  throughout  the  body 
and  that  throw  as  much  of  the  deformative  action  as 
possible  on  zones  of  easiest  yield.  The  number  of  lines 
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•i  will  tend  toward  a  minimum,  so  far  as 
these  can  ease  the  stress.  It  is  fairly  safe  to  assume 
that  the  simplest  segmentation  of  the  body  of  the  earth 
<1  accommodate  the  main  stresses  imposed  by 
changes  of  rotation  was  that  most  likely  to  have  been 
adopted.  Minor  and  more  local  stresses  should  have 
been  eased  by  Mipplementary  lines  restricted  to  the 

PRIMARY   SEGMl  X   OF   THE    EARTH-BODY 

In  seeking  the  simplest  mode  of  accommodation  to 
rotational  requirrnu-nts.  it  may  be  first  noted  that,  at 
the  surface  at  least,  where  the  action  probably  started, 
tensional  stresses  are  easier  relieved  by  disruption  than 
t  omprcssional.  If  the  rotation  inherited  from  the 
i-.ir  th -knot  was  greater  than  that  of  the  equilibrium 
n  posed  later  by  the  infall  of  planetesimals,  as 
seems  probable,  the  net  tendency  in  the  early  ages 
would  be  toward  slackening  rotations,  and  hence  toward 
rompression  in  the  equatorial  belt  and  tension  in  the 
probable,  therefore,  that  segmentation 
began  under  tensional  conditions  near  the  poles— where 
the  stresses  would  be  twice  as  great  as  at  any  given  point 
on  the  equator — and  that  the  other  primary  lines  of 
accommodation  developed  from  these  initial  ones.  A 
like  inference  is  to  be  drawn,  even  if  segmentation 
did  not  start  until  after  the  rate  of  rotation  had  reached 
a  stage  of  oscillation  about  the  equilibrium  value,  for  the 
tensional  stage  would  act  under  less  stress  than  the 
rcssional  and  so  would  be  likely  to  precede  it, 
defining  the  lines  of  accommodation.  But  the  order  of 
precedence  is  probably  not  at  all  vital;  it  is,  however, 
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convenient  to  follow  a  definite  line  of  Interpretation, 
and  the  most  probable  line  is  preferable,  even  hit  is  not 
important. 

Fortunately,  the  earth  gives  very  instructive  illus- 
trations of  how  tensional  stresses  are  relieved.  Tin-  most 
illuminating  example,  especially  for  our  purpose,  is  the 
mode  of  partition  followed  by  certain  basic  lavas  as 
they  solidify,  and  shrink  in  so  doing.  The  result  is  a 
columnar  structure,  well  shown  in  the  basaltic  columns 
of  the  Giant's  Causeway,  Fingal's  Cave,  the  Devi IV 
Post  Pile,  and  numerous  other  cases.  These  example- 
are  the  better  because  they  relate  not  only  to  crystalline 
rock — the  material  under  discussion — but  to  as  rep 
sentative  a  class  of  rock  as  could  be  selected.  Under  t  he 
shrinkage  tension  of  cooling,  the  rock,  as  it  forms,  parts 
along  planes  that  radiate  from  the  points  where  the 
greatest  tensions  have  been  developed.  The  parting 
planes  are  normally  three  in  number  and  these  diverge 
at  angles  of  about  120°  (see  Fig.  28).  As  these  planes 
are  extended,  they  intersect  one  another  and  divide  the 
whole  mass  into  six-sided  columns.  It  is  a  matter  of 
special  interest  that  the  edges  of  the  columns  are  habitu- 
ally raised,  as  shown  in  Fig.  27,  and  the  center  depressed. 
At  the  angles  there  are  sometimes  specially  raised  por- 
tions as  shown  in  Fig.  29,  giving  what  has  been  called  a 
"ball-and-socket"  structure.  All  these  special  featll 
appear  in  modified  forms  in  the  application  to  the  earth- 
body,  as  we  shall  see. 

This  classical  case  embodies  the  principle  that  where 
tensional  stresses  are  concentrated  about  a  given  point 
or  column,  the  most  natural  mode  of  relief  is  a  partition 
of  the  mass  into  three  sub-equal  parts  radiant  from  the 
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j>..iht  .-i  greatest  stress.     I  h<  r«  is.  not  unn.it ur. ill\ .  much 
variation  in  t  1  divisions  of  nature,  as  shown  in 

mud  cracks  in  parti,  ul.tr.  when-  th»-  working  factors  are 
varia  I  n  Kress  is  simply  a  mechanical  accommo- 

dation to  existing  stresses  and  the  result  depends  much 
on  the  homogeneity  of  the  material  and  the  uniformity 
of  distribution  oi  tin-  ;•-  -  1:  b  not  a  crystalline 
process  and  the  forms  produced  by  it  are  quite 
in  the  refined  accuracy  of  crystalline  structures. 


Y 
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27-20.— Fig.  27,  sketch  of  sections  of  basaltic  columns  from 
Causeway  on  the  coast  of  Ireland.  (Chamberlin  and  Salisbury 
1, 476);  Fig.  28,  diagram  illustrating  the  system  of  partition  in 
stages  of  the  formation  of  basaltic  columns.  (Chamberlin  and 
r,  Gsafefy,  1, 476) ;  Fig.  29,  diagram  showing  not  only  the  raised 
the  columns  (shown  also  in  Fig.  27),  but  special  elevations  at 
es,  giving  "ball-and-socket  joints."  (After  Scrape.) 


Now  in  rotational  accommodation,  the 
stresses  that  probably  took  precedence  in  the  polar 
regions  and  were  most  intense  at  the  poles  would,  under 
this  law  of  partition,  be  eased  most  naturally  by  three 
fissure  tracts  radiating  from  the  poles  at  angles  of  the 
general  or  >o°,  but  no  doubt  varying  considerably 

from  the  ideal.    These  radiating  fissure  tracts  should 
theoretically  be  terminated  at  the  fulcrum  zone,  for 
d  that  the  stresses  would  be  reversed.    The  effect 
wouM  in-  to  divide  the  oircumpolar  areas  into  three  great 
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segments  of  triangular  forrn  with  their  apexes  at  the 
pole  and  their  bases  on  the  fulcrum  zone. 

Now  each  polar  unit  must  have  acted  reciprocal  1\  with 
an  equatorial  unit  of  the  same  value  in  any  rotational 
change.  It  seems  obvious  that,  if  three  great  triangular 
segments  had  been  thus  defined  in  the  polar  regions, 
each  reaching  to  the  fulcrum  zone  not  far  from  30° 
latitude,  the  simplest,  the  most  symmetrical,  the  most 
natural  reciprocal  working  mates  for  these  would  have 
been  three  similar  triangular  segments  set  in  TCVCM 
positions  with  their  bases  on  the  fulcrum  zone  and  their 
apexes  in  the  opposite  direction.  They  would  then  be 
peculiarly  fitted  to  seesaw  across  the  fulcrum  zone,  and 
that  was  the  nature  of  the  motion  required  in  response 
to  changes  of  rotation.  The  apex  of  the  equatorial 
triangles  would  thus  fall  in  the  fulcrum  zone  of  the 
opposite  hemisphere.  The  pairs  of  triangles  lying  base 
to  base,  each  wholly  in  one  of  the  reciprocating  tracts 
and  each  under  stress  to  yield  what  the  other  demanded, 
almost  ideally  fulfil  the  requirement  of  the  case.  The 
flexures  in  the  reciprocating  triangles  would  not,  to  be 
sure,  be  quite  alike,  but  their  working  values  would  be 
the  precise  complements  of  one  another. 

Geologic  history  affords  evidence  that  the  two  hemi- 
spheres have  taken  precedence  in  opposite  lines,  the 
southern  in  downward  movement  resulting  in  prevalent 
seas,  the  northern  in  upward  movement,  relatively, 
resulting  in  prevalent  land.  This  seems  to  have  been  a 
fixed  secular  difference  from  Archcan  times  to  tin 
present;  it  gives  ground  for  supposing  that  one  hemi- 
sphere, or  the  other,  took  precedence  in  the  tri-segmenta- 
tion  just  described.  Whichever  it  was,  the  divisions 
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in   the  other  hemisphere  would  have  been  partially 
defined  by  smh    pre.  .-d.nt    ....  tion,   and   this  partial 
i..n  should   have  guided  the  completion  of  the 
\ow  tlu-  three  pairs  of  reciprocating  tri- 
angles developed  from  the  pole  that  took  precedence 
appropriated   half   the  equatorial   belt,    in   saw-tooth 
fashion,  leaving  the  other  half  already  defined  in  reversed 

with    similar   reciprxx 

triangles  developed  from  the  opposite  pole,  only  the 

polar  lines  being  needed  to  complete  their  definition. 

lone,  the  globe  would  be  divided  into  six  working 

pairs  of  triangular  segments,  the  salients  of  the  three  in 

one  hemisphere  dovetailing  neatly  into  the  re-entrants  of 

the  three  in  tlie  opposite  hemisphere.     The  zigzag  divi- 

•  >f  the  equatorial  belt  had  the  advantage  of  giving 

r  flexibility.     As  a  simple  adaptive  working 

.  this  partition  seems  to  admit  of  no  rival.     Each 

triangular  pair  formed  a  quadrilateral,  and  this  term 

will  be  convenient  in  t rat  ing  out  the  topographic  results. 

in  the  main,  each  working  pair  gave  a  common 

physiographic  product,  though  there  was  some  tendency 

to  •:'  .Iso  along  the  fulcrum  /.<>; 

It  has  been  <  :it  to  sketch  this  divisional  process 

as  though  it  were  superficial,  but  we  must  hasten  to 

observe  that  ;  'Ived  the  whole  earth. 

d  stresses  extended  to  the  heart  of  the 

earth   and   grew   in    intensity    in    that    direction.     The 

sides  of  the  reciprocating  pairs  of  triangles,  or  the 

quadrilaterals,  are  to  be  pictured  as  extending  to  the 

earth.     Thus  extended,   they   constitute 

ramids  with  their  apexes  at  the  earth's 

Kach  adjustment  to  a  new  rate  of  rotation  may 
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thru    In-   pictured  as  a   north  south    swaying   of   tl 
pyramids  on    their   apexes   attended   by  the   re<jui 
upwarp   and   down-warp  of    the   reciprocating  halves, 
and  this  picture  is  peculiarly  appropriate  to  a  body  pre- 
disposed to  move  as  a  solid  mass.    This  seems  to  be  tlu 
simplest  mode  of  adjustment  available  for  such  a  reap 
rocal  deformation  in  such  a  solid  spheroidal  mass.     IN 
simplicity  and  its  adaptation  to  its  special  function  an 
perhaps  its  strongest  credentials. 

ADAPTATION  TO   TIDAL  ACTION 

This  segmentation  of  the  solid  earth-body  lends  it -elf 
happily  to  the  feeble  tidal  deformations  that  were  forced 
upon  the  earth  in  constant  bi-daily  succession.  The 
internal  stresses  of  the  body  tides  have  the  same  dis- 
tribution as  those  of  rotation,  according  to  Sir  George 
Darwin.6  While  the  tidal  cones  are  constantly  shifting 
northward  and  southward,  their  mean  position  is 
astride  the  equator.  In  this  position  they  reach  to 
about  60°  N.  Lat.  and  60°  S.  Lat.  At  the  poles  the 
mean  effect  is  perpetual  depression;  this  would  be 
constant  if  the  tides  did  not  shift  in  latitude.  As 
pointed  out  in  the  study  of  solar  eruptions,  the  tidal 
cones  represent  the  lifting  effect  of  the  tidal  forces.  As 
they  sweep  about  the  equator,  in  their  semi-diurnal 
courses,  the  equatorial  ends  of  the  diamond-shape 
segments  rise  and  fall  through  nearly  the  maximum 
amplitude  of  the  tidal  effect,  while  the  mean  movements 
of  the  polar  ends  are  low  and  at  the  polar  angles  theo- 
retically zero.  The  mean  oscillations  of  the  east  and 
west  sides  are  intermediate  in  value.  These  differei 
of  movement  are  probably  exaggerated  by  the  relations 
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•  wo  ends  .  i?  segments.    The  polar 

ends  are  snugly  wedged  together  and  mutually  aid  one 
another  in  approximating  zero  movement.     The  equa- 

il  ends  join  their  partners  of  the  opposite  hemispl 
along  a  zigzag  lin<  .iliility  \\hi.h  otlers 

much  largo  .:iitir-  for  accommodation  to  mutual 

motion      The    tidal    movement    involves    an    internal 
tortional  strain  in  each  segment  and  yield  takes  place 
with  greatest   facility   in  the  equatorial 
tidal   studies   at    Potsdam   1  r,  and.  more  com- 

pletely and  decisively,  at  Lake  Geneva  by  Muhclson4 
and  colleagues,  have  shown  that  the  earth-body  yields 
more   in   a   north  south   dim  lion   than   in  an  east-west 
direction.     This  suggests  that  perhaps  the  segmentation 
K>scd  on  the  young  earth  by  rotation,  and  periodically 
ived  ever  since  by  changes  in  rotation,  by  tidal  strain-*. 
by  the  indi:  .  t>  of  shrinkage,  and  other  agencies 

niation.  may  offer  tin  mechanism  out  of  which 
this  difference  grows,  in  whole  or  in  part.  Reciprocally 
the  phenomenon  of  superior  north-south  flexibility  lends 
support  to  the  >imuestion  already  advanced  that  ease- 
ment zones  of  rather  free  yield  were  developed  by  the 
repeated  movement s  imposed  by  the  early  rotational 
stresses  and  that  the  mild  stresses  of  the  body  tides,  the 
rotational  stresses  incident  to  shrinkage,  and  perhaps 
stresses  incident  to  general  loading  and  unloading 
have  served  to  keep  these  in  working  function. 

EMBRYONIC    FRAMEWORK    OP    THE    1  K    EARTH     \ 

BASIS  OF  GROW  II! 

1 1  the  earth  were  segmented  in  this  way  to  accommo- 
date the  recurrent  stresses  imposed  by  changes  of  rate 
of  rotation,  abetted  by  the  semi-daily  pulsations  of 
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the  body  tides  and  by  periodic  shrinkage;  and  if  the 
main  casement  zones  lay  between  the  quadrilateral- 
so  defined,  the  fissurin.ns.  faul lings,  foldings,  and  other 
special  features  of  deformation  forced  by  the  tensions 
and  compressions  of  the  required  readjustments  would 
ehicfly  lie  along  the  segment  borders  and  I  he  i^em  -nil 
effect  would  be  elevation,  and  in  general  the  elevation 
would  be  greatest  at  the  angles,  where  three  lines  of 
disruption  join.  In  this  there  would  be-  close  accord 
with  the  surface  shaping  of  sides  of  basaltic  columns 
which  are  raised  at  the  edges  and  especially  at  the  angle-. 
as  shown  in  Figs.  27  and  29.  The  easements  of  second- 
ary stresses  would  take  their  departures  from  tl 
borders  and  especially  from  these  angles.  An  excep- 
tional portion  of  the  lavas  forced  from  the  interior 
would  naturally  find  exit  along  these  border  tracts  of 
disruption  and  would  aid  in  building  them  up  with 
relatively  light  material.  Thus  an  embryonic  frame- 
work was  established,  and  naturally  became  the  basis 
of  subsequent  growth  for  the  protrusive  portion  of  the 
earth.  It  was,  of  course,  at  all  subsequent  times, 
peculiarly  subject  to  denudation,  disruption,  depression, 
coalescences,  and  other  forms  of  obscuration,  but  yet,  in 
its  mutilated  forms,  it  should  be  traceable  in  the  salicni 
configurations  of  the  earth  even  in  its  adult  form. 

The  disruptions  on  the  borders  of  the  segments  would 
tend  to  shift  the  accumulating  waters  toward  their 
interiors  which,  if  we  may  trust  theory  and  the  example 
of  the  basaltic  columns,  mud-cracks,  and  like  phe- 
nomena, should  have  been  relatively  sunken  at  the  out- 
set. By  interpretation,  the  primary  delineation  of  the 
oceans  was  thus  instituted.  The  outlines  thus  deter- 
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1  would,  in  their  turn,  IK-  subject  to  modifications  as 
they  j»r. 

ix>th  cases,  the  modifications  should  have  been 
many  and  profound  and  they  cannot  here  be  more  than 
alluded  to  summarily.  The  atmosphere  had  the  first 
handling  of  all  the  incoming  material,  as  already 
remarked.  The  1.  took  a  second  hand.  The 

shrinkage  diastrophism  sprang  chiefly  from  the  accessions 
1.  It  should  not  be  a  source  of  surprise  if 
these  three  powerful  agencies  shall  be  found  to  have 
wrought  not  a  lew  profound  distortions  in  the  infantile 
frame  built  out  not  a  few  apophyses 

marked  by  peculiarities  of  tluir  own,  and  to  have 
weakened  or  destroyed  some  sections  of  the  primitive 
framework.  Coalescences  of  parts  of  the  ideal  structure- 
will  naturally  have  obscured  other  features.  Even  if 
space  permitted,  it  would  not  befit  our  theme — which 
is  genesis  rather  than  evolution — here  to  enter  upon  a 

n  of  this  complex  of  formative  action 
p  to  the  adolescent  history  of  the  earth  rather  than 

genesis.  We  may  properly  go  only  so  far  as  to 
see  the  process  under  way — that  much  may  be  regarded 
as  ^enetu  . 

MODI  KM  M;  ATMOSPHERIC  INFLUENCES 

Planctcsimal  accessions  could  reach  the  earth  only  by 
way  of  the  atmosphere.    Their  final  lodgment  depended 
action      Its  dominant  movements  are  ascent  and 
descci  orth-south  circulation  is  a  minor  factor. 

Essentially  half  the  atmosphere  is  ascensive  and  half 
decensive;  this  must  always  have  been  so  in  the  nature 
of  the  case.  The  ascending  currents  tended  to  buoy 
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up  the  planctcsinial  dust,  while  the-  descending  current- 
tended  to  bring  it  down.  Tin-  turbulence  of  tin-  de. 
sive  air  near  the  surface,  however,  delayed  the  actual 
lodgment  of  the  dust  and  held  some  part  of  the  lighter 
portion  in  suspension  until  it  drifted  into  regions  of 
ascensive  currents.  Descending  air  is  habitually  dry 
and  the  flotation  of  dust  in  it  is  notably  protracted. 
Such  protracted  flotation  necessarily  had  a  sifting 
effect,  favoring  the  lodgment  of  particles  of  greater 
weight  in  proportion  to  surface,  while  those  of  lesser 
weight  to  surface  were  held  longer  in  suspension  and 
more  largely  carried  by  the  horizontal  component 
of  the  air  currents  into  neighboring  tracts  where  ascensive 
currents  prevailed.  It  is  inferred,  therefore,  that  some 
small  measure  of  preponderance  of  planetesimals  and 
plane tesimal  dust  of  the  higher  specific  gravity  found 
lodgment  beneath  the  descending  currents.  It  is  not 
supposed  that  the  sifting  action  would  be  more  than  very 
partial,  or  that  the  resulting  difference  in  specific  gravity 
of  the  deposit  would  be  more  than  very  slight. 

As  the  main  outlines  of  land  and  sea  are  assumed  to 
have  been  already  defined  by  the  embryonic  framework 
imposed  by  rotational  diastrophism,  and  to  have  coin 
cided  more  or  less  closely  with  the  borders  of  the 
primitive  segments,  the  fundamental  features  of  the 
atmospheric  circulation  should  have  been  controlled  by 
these  outlines  and  hence  have  been  then  as  much  as  now. 
The  areas  of  dominantly  high  barometer  and  of  descend- 
ing air  should  have  centered,  as  now,  over  the  great  basi  us, 
in  the  main.  These  portions  of  the  growing  earth  thus 
came  to  preponderate  in  specific  gravity,  in  some  slight 
degree. 
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The  plunctcsimul  material  that  floated  longer  and 

reached  areas  of  ascend  in-,/,  .  m  n  m  .  \\  h«  r ••  the  air  had  a 

.is  brought  down  by  rain  and 
snow  This  tmded,  in  some  measun 

Ulst  nl"  lowi-r  spriiiu    gravity  in  the  areas 

of  ascending  air.    We  an    thus   i,,r,,-d   to  take  into 

nt  the  essential  :  rcula- 

that  seems  to  have  played  an  important  part  in 

the  distribution  of  spn  ii'u  ^rv.  «-arth. 

ital  feature  of  the  horizontal  iir 

i  ulation  in  tlu  j  iges  probably  had,  as  now,  a 

•  1  aspect,  an  equatorial  belt  of  easterly  winds. 

flanked  on  i  itlu  r  side  by  hi^h-latiuule  zones  of  westerly 

ic  easterly  and   westerly  components  being 

deflections  from  u  nu Ti«li..nal  .  ir.  ul.it ion  forced  by  high 

tempi-ratlin-  in  the  torrid  zone  and  low  U-mprratun-  in 

ics.    There  are  some  suggestive  analogies 

between   these  intmhanges  between   the  torrid  and 

rigid  zones,  and  tlu-  mipnuating  equatorial -polar 

ni"  tlu-  lithosphere.  both  being  products  of  rota- 

Both   have  transition    zones  not  far  from  30° 

latitude      In  the  atmosphere,  t  lure  was  convergence  and 

crowdin-  MI  air  t  urn  nt>  t«»\vard  the  poles,  and  divergence 

and    drpl.  -rd    tlu-   equator,    which    forced   a 

secondary  adjustnu-nt  MI  the  i  in  ulation  analogous  t»>  the 

secondary  deformativi  ••!' rotation.     I  his  v, 

itniospheric  einulation  is  now  tripartite,  and 
probably  always  was  so,  because  a  threefold  division 
best  accommodated  the  currents  to  the  peculiar  spatial 
rojiji-  of  a  hemisphere.  The  tripartite  features 

"i   h«  ire  not   very  declared  or 

unless  attention   is  directol   to  them. 
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they  are  masked  by  the  primary  features,  hut  yet 
they  are  very  real  and  are  highly  important  theoreii 
cally  and  economically.  They  form  bi-zonal  cycles,  or, 
to  use  a  looser  term  that  better  fits  their  nature,  bi-zonal 
gyrals.  They  are  analogous  to  the  three  reciprocating 
segments  imposed  by  rotation  on  the  lithosphere,  and 
they  are  very  similarly  placed.  They  embrace  the 
chief  "permanent  highs,"  and  their  western  borders 
are  defined,  at  intervals,  in  a  spectacular  way,  by  the 
tracks  of  the  greatest  of  the  tropical  hurricanes.  Ob- 
scurely defined  belts  of  currents  swing  about  the  perma- 
nent highs  and  form  the  most  important  surface  element 
in  the  atmospheric  interchange  between  high  and  low 
latitudes.  Five  of  such  gyral  systems  are  fairly  well 
characterized,  one  in  the  North  Pacific,  on  which 
Eastern  Asia  depends  for  much  of  its  fertility,  one  in  tin- 
South  Pacific,  that  gives  prosperity  to  Eastern  Australia, 
one  in  the  Indian  Ocean  north  of  the  equator,  affecting 
Southern  Asia,  and  one  also  south  of  the  equator, 
affecting  East  Africa,  and  one  in  the  North  Atlantic 
Ocean,  on  which  the  prosperity  of  the  eastern  half 
of  North  America  largely  depends.  The  South  Atlantic 
develops  its  appropriate  area  of  high  pressure  and  its 
circulatory  loop,  but  not  the  typhoon  phenomena. 
These  great  gyrals  are  believed  to  be  fundamental 
features  of  terrestrial  circulation,  due  more  to  the  in- 
herent dynamics  of  circulation  than  to  the  configurations 
of  land  and  sea,  though  the  two  agencies  are  co-opera  t  i  vi- 
and the  physiographic  configurations  perhaps  locate 
the  gyrals.  If  fundamental  features,  they  doubtless  had 
their  place  in  the  circulation  from  the  outset.  To  be 
sure,  they  seem  to  be  determined  now  by  the  great 
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land  and  sea,  l)iit   they  are  perhaps  only 
localized  by  them,    [f  strictly  depend  topograp 

features,  the  juvenile  reliefs  of  the  lithosphere  on  the 
border  •  i  m  a  ry  segments  were  probably  suffk  i 

.ike  them  features  of  tin-  juvenile  i  in  ulalion. 
The  effect  of  these  bi-zonal  systems  of  circulation  is 
to  cut  thr  30°  zone  of  dom inanity  descending  circulation 
int.*  three  segments  and  to  give  the  belt  a  beaded  form 
well  shown  on  modern  meteorological  maps,  especially 
e  ni  the  Southern  Hemisphere,  where  symmetry  pre- 
vails and  the  deploymei  early  normal.    The 
r  accession  of  planetcsimal  dust  of  high  specific 
gravity  due  to  descending  currents  was  thus  measurably 
bunche<l  in  the  hearts  of  these  bi-zonal  gyrals — in  other 

in  the  areas  of  high  atmospheric  pressure  <> 
the  oceans. 

MODIFYING  HYDROSPHERIC  INFLUENCES 

broad  features  of  the  juvenile  hy«  In  •sphere  mu>t 
have  been  determined  by  the  reliefs  of  the  lithosphere, 
the  embryonic  framework,  and  this,  by  hypothesis,  had 
been  given  its  basal  features  b\  The  circula- 

iio:  atmosphere  probably  in  all  ages,  as  now, 

gave    direction     to    the    ocean    currents.    Whaii 
planetesimal  dusi  fell  into  the  oceans  no  doubt  floated 
even  longer  than  in  the  air  and  was  more  elT<  eiis- 

iribuiol  over  l he  areas  embraced  within  the  ocean  circu- 
lation    The  evolution  of  the  oceans  doubtless  always 
<  ularity  of  outline;     their   primary 
effect  on  the  dust  delivered  to  them  by  the  air  was  an 
reased  circularity  in  its  distribution      In  so  far  as 
the  atmosphere  was  predisposed  to  deposit  its  dust 
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in  lK-lts,  the  oceans  measurably  thwarted  this  tendency 
and  gave  the  dust  a  more  circular  distribution.  We 
have,  however,  just  observed  that  the  atmosphere, 
though  primarily  belted,  is  measurably  suborganized  into 
three  cyclical  divisions,  centered  now — and  probably 
always — over  the  oceans.  The  notable  concentrations 
of  descending  air,  at  present,  lie  over  the  three  oceanic 
sections  of  the  30°  belt  of  descending  air.  To  somewhat 
similar  concentrations  in  juvenile  times,  the  first  step 
toward  the  concentration  of  the  denser  material  is 
assigned;  the  ocean  circulation,  to  which  this  was  next 
committed,  advanced  the  work  a  step  farther  by  its 
cyclic  action.  In  this  combination  lies  an  assignable 
first  reason  for  the  higher  specific  gravity  of  the  sub- 
oceanic  segments,  an  important  fact  now  well  established 
by  geodetic  and  other  evidence.  In  Figs.  30-38  we 
have  introduced  ovals  within  the  six  segments  to  empha- 
size the  element  of  circularity  interpreted  as  having 
been  imposed  by  the  atmospheric  and  hydrospheric 
agencies  on  the  original  quadrilateral  outline  assigned  to 
rotational  stresses. 

To  these  primitive  agencies  that  took  part  in  localizing 
the  denser  and  the  lighter  planetesimals,  respectively, 
there  were  added  secondary  agencies  that  further 
effected,  in  a  mild  but  systematic  way,  the  distribution 
of  specific  gravity  in  the  growing  earth. 

SECULAR    PERPETUATION    OF    DIFFERENCES    OF    SPECIFIC 
GRAVITY 

During  all  the  stages  of  growth,  the  planetesimals  that 
fell  into  the  waters  were  measurably  preserved  from 
decomposition,  while  those  that  fell  on  the  land  suffered 
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weathering  and  wash.  The  dissolved  portions  were 
added  to  the  oceans,  and  either  remained  in  solution 
in  their  waters  or  were  deposited  on  their  bottoms. 
The  residual  nutter  was  left  as  a  lodgment  product 
on  the  land  <>r.  mure  largely,  was  laid  down  close  about 
the  land  as  sub-sea  terraces.  In  the  final  state  reached 
by  these  several  portions  after  deep  burial  and  mcta- 
morphiMn.  the  residuum  left  on  or  about  the  land  appar- 
ently came  to  have  somewhat  less  specific  gravity  than 
the  pan  added  to  the  ocean  segments.  The  secular 
processes  seem  thus  to  have  tended  to  perpetua; 

!m>ity  of  the  sub-oceanic  segments  and  the 
greater  levity  of  the  continental  segments  inherited  from 
the  previous  processes.  At  the  same  time,  matter  was 
constantly  being  added  to  the  basins  at  the  expense  of 
the  land.  It  i-  lunce  inferred  that  the  sub-oceanic 
segments  were  habitually  urged  to  sink,  while  the  conti- 
nents were  forced  to  rise  to  restore  the  equilibrium. 
This  constitutes  an  enduring,  though  not  an  indefinitely 
enduring,  basis  for  isostatic  action,  because  the  actuat- 
ing differentiation  b  deeply  inbred  in  the  formation  of 
the  earth. 

During  all  the  ages  of  growth,  the  winds  swept  por- 
of  the  light  dust  of  the  surface  from  windward 
to  leeward,  and  thus  shifted  material  of  low  specific 
gravity  in  given  directions  and  modified  the  growth  of  the 
lands  as  well  as  the  distribution  of  specific  gravity. 
The  streams  and  the  ocean  currents  aided  even  more 
effect  i  giving  direction  to  the  growth  of  the  lands 

and  in  modifying  the  configuration  inherited  from 
rotational  accommodation,  while  they  incidentally 
affected  the  specific  gravities.  So,  also,  the  diastrophism 
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that  sprang  from  shrinkage  and  other  sources  cast  in  i  t  > 
contributions  periodically,  while  vukanism  added  its 
more  or  less  adventitious  work.  Probably  both  shrink- 
age deformations  and  vulcanism  were  much  inlhu  need 
by  the  structural  effects  and  deformativi'  alignments 
handed  down  from  previous  rotational  action,  but,  in  \  c  r- 
tlu-less,  they  doubtless  lent  their  own  influences  toward 
shaping  the  surface  features.  The  final  physiographic 
configurations  now  presented  for  study  are  thus  to 
be  interpreted  as  the  joint  product  of  a  complex  of 
agencies  working  together  through  the  whole  eon 
that  spanned  the  growth  of  the  earth  from  the  modot 
dimensions  of  its  infancy  to  the  full  measure  of  it- 
maturity.  In  our  analysis,  the  rotational  factor  i- 
held  to  have  contributed  the  embryonic  framework  on 
which  the  other  shaping  agencies  built  their  syste- 
matic and  their  adventitious  growths,  each  in  its  own 
fashion. 

BASAL  FEATURES  OF  THE  GREATER  CONFIGURATIONS 

To  justify  the  foregoing  deductions,  the  embryonic 
framework  of  the  earth  should  be  traceable,  even  at 
the  present  time,  in  its  master-features  at  least,  how- 
ever much  they  may  be  disguised  by  the  effects  later 
superposed  by  other  agencies,  for  fundamental  elements 
bearing  such  distinctive  characteristics  could  scarcely 
be  wholly  obliterated  by  subsequent  events  or  be  the 
products  of  accident.  Besides,  the  disguising  factors 
should  bear  their  own  characteristics,  and  these  should 
show  some  relations  to  the  basal  factors.  It  will  aid 
in  tracing  the  embryonic  elements  if  the  leading  features 
that  mask  them  are  first  pointed  out. 
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cms  dear  that  the  southern  half  of  the  earth-body 
aterial  than  the  northern  half,  for 

this  i>  implied  I.N  the  greater  mass  of  -awn  into 

the  Souf  and  the  greater  depressions 

that  have  taken  place  then-,  the-e  two  results  being  the 
joint    effects  of   a   common   cause.    This    dominance 

irally  expressed  in  fewer  and  simpler  yield  tracts. 
The  embryonit  lines  should  there  IHJ  least  distorted. 
But  a  broad  trough,  apparently  arising  from  an  inter 
veiling  cause,  lies  between  35°  and  65°  S.  Lat.,  encircling 
the  globe  and  holding  the  southern  seas.  Thi-  is  to  be 
regarded  as  having  depressed  and  disguised  the  three 
radial  yield  belts  that,  in  the  ideal  scheme,  should  have 

id  1'roin  the  South  Pole  in  response  to  rotational 

The  Northern  Hemisph*  rlv  the  yield-partner 

of  the  Southern  Hemisphere;  as  such,  it  has  been 
squeezed  up,  while  its  partner  was  depressed ;  it  is  hence 
i  and  stands  forth  above  the  sea-level  more 
notably.  The  crust  is  lu-re  more  broken  and  more 
>.  faults,  and  other  striking  forms  of 
relief.  The  zone  between  40°  and  70°  N.  Lat.  is  about 
as  markedly  protrusive  as  that  between  35°  and  65°  S. 
Lat.  is  markedly  depressed.  In  harmony  with  these 
rontrasts.  the  radial  yield-lines  of  the  north  jx>lar  region 
show  notable  distortion  and  deflection.  As  to  the 
of  these  contrasted  northern  and  southern  features. 
tentative  views  are  entertained,  but  they  are  too  imma- 
ture and  too  much  aside  from  our  main  theme  to  find 
a  place  here.  While  these  causes  were  probably  in- 
herited, in  a  germinal  sense,  from  the  primitive  agencies, 
their  main  effects  seem  to  be  referable  rather  to  later 
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than  to  earlier  stages  of  deformation  and  hence  they 
are  superposed  and  tend  to  obscure  the  fundamental 
features. 

It  is  logical  to  look  rather  to  the  Southern  than  to  tin 
Northern  Hemisphere  for  the  simplest  and  least  dis- 
guised outlines  of  the  primitive-  framework,  for  tin- 
heavy  master-segments  are  naturally  less  subject  to  dis- 
tortion than  the  yield-segments.  So,  in  turn,  then 
reason  to  look  to  the  Northern  Hemisphere  for  a  more 
marked  expression  of  divergencies  and  of  superadded 
effects  assignable  to  the  work  of  the  co-operating 
agencies.  This  is  especially  true  of  such  agencies  as 
were  dependent  on  protrusion  for  their  efficiency,  for 
example,  erosion,  transportation,  and  deposition,  which 
led  to  outgrowths  from  the  yield-tracts  and  which  also, 
by  loading  and  unloading,  led  to  deformation. 

Lying  between  these  high-latitude  belts  of  the  two 
hemispheres,  the  equatorial  belt  should  show  inter- 
mediate proportions  of  elevation  and  depression,  but 
here  the  characteristic  lines  of  the  embryonic  framework 
are  oblique,  not  meridional,  and  are  so  fundamental 
that  they  should  show  through  all  disguises  and  con- 
stitute a  decisive  criterion. 

A  source  of  superficial  disguise  by  outgrowths  and  dis- 
placements— springing  probably  also  from  the  prepon- 
derant specific  gravity  of  the  Southern  Hemisphere — is 
the  lower  temperature,  and  hence  dominant  force,  of  the 
atmosphere  of  the  Southern  Hemisphere,  probably 
the  result  of  the  larger  water  surface  and  the  scantier 
lands  of  that  hemisphere.  If  thus  caused,  the  pre- 
ponderance probably  extended  far  backward  and  con- 
ditioned at  least  the  later  growth  of  the  earth.  As  a 
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result  of  this,  the  tlu  rmal  equator  lies,  and  probably  has 
lain  throughout  the  geologic  ages,  north  of  the  rotational 
equator,  so  that  the  ancestral  i  in  ul.it  ion  of  the  Southern 

Sphere  was,  as  now,  relatively  free,  full,  and  syste- 
matic, while  that  of  the  Northern  Hemisphere  was 
cramped  and  distorted.  The  out-building  from  the 
embryonic  framework  in  the  Southern  Hemisphere  was 
therefore  relatively  free  from  idiosyncrasies;  that  in 
the  Northern  Hemisphere  much  more  peculiar  and 
divergent.  Leeward  out-building  might  well  have 
been  pronounced  where  the  primitive  lands  were  large; 

:  arm-work  might  well  show  peculiar  eastward- 
t  rending  apophyses  in  the  middle  and  high  latitudes.  In 
the  equatorial  belt,  the  outgrowths  might  naturally 
appear  as  westward  accessions;  the  broad  westward- 
facing  noses  of  Africa,  South  America,  and  Australia  are 
perhaps  the  cumulative  effects  of  the  recurving  circula- 
tion of  the  three  great  atmospheric  gyrals  referred  to  in  a 
preceding  paragraph.  They  are  among  the  most  singular 
apophyses  anywhere  attached  to  the  embryonic  frame- 
w«  >rk  The  interpretation  of  the  details  of  the  outgrowth 

•  lu  framework  is  quite  as  fascinating  as  the  tracing 
out  of  the  more  basal  lines,  but  it  belongs  rather  to  later 
geology  than  to  genesis. 

protrusive  effects  of  rotational  stresses  should 
have  been  mainly  fell  at  the  angles  where  the  yield-tracts 

1  one  another;  subordinately  along  the  yield- 
tracts  themselves.  The  continents  should  therefore 
have  grown  up  from  these  angles  as  centers,  and  have 
been  guided  by  the  yield-tracts,  and  by  the  co-operating 
agencies  in  their  extensions.  In  the  Southern  Hemi- 
>phere.  it  will  be  seen  that  the  growth  was  mainly 
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northward,  or  toward  the  yield  hemisphere  in  the 
dominant  direction  of  wind  and  current  movenu -nts,  and 
that  it  took  place  mainly  between  tin-  bifurcating  lines 
of  the  yield-tracts  (see  in  particular  Figs.  32  and  33).  1  n 
tin-  Northern  Hemisphere,  the  growth  will  he  seen  to  ha vc 
been  mainly  northward  also,  and  notably  eastward,  or 
leeward,  in  the  higher  latitudes.* 

In  addition  to  these  obscuring  features  of  conti- 
nental development,  we  have  yet  to  take  into  account 
the  diastrophism  that  sprang  from  secular  loading 
and  unloading,  and  from  the  shrinkage  of  the  earth - 
body  which  appears  to  have  assumed  the  leadership 
in  shaping  the  earth  after  growth  ceased,  but  let  thi- 
rest  for  the  present.  Let  us  turn  now  to  the  tracing 
of  the  embryonic  framework  beneath  these  obscuring 
features : 

i.  Starting  with  the  dominant  hemisphere,  there 
should  be  three  yield-tracts  diverging  at  wide  angles 
from  the  South  Pole,  all  directed  northward  toward 
the  fulcrum  zone.  When  this  is  reached,  the  chief 
yield-tracts  should  fork,  or  at  least  turn  at  a  pro- 
nounced angle,  and  strike  obliquely  across  the  equatorial 
zone  to  the  fulcrum  zone  of  the  Northern  Hemisphere, 
where  the  meridional  direction  should  be  resumed  and 
the  three  yield-tracts  converge  toward  the  North  Pole. 
These  are  singular  features  and  are  held  to  be  critical  and 
decisive. 

*  At  first  thought  geologists  will  be  disposed  to  challenge  this  because 
post-Cambrian  growth  has  often  been  in  a  different  direction,  hut  it 
is  to  be  noted  that  the  later  growth  was  determined  by  the  pcr-i-tcnt 
protrusion  of  the  regions  of  least  specific  gravity,  and  these  were  likely 
to  be  those  that  had  grown  most  by  eolian  and  aqueous  action  in  the 
t\ir Her  stages. 
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The  Hnrs  i nun  i  .  the  zone  of  bifurca- 

tion or  angulatinn.  M.  o°,  are  fairly  realized 

in  th.  1  southward  pointing  rxtn-mitit-s  •  »!  A 


jo.— South  polar  view  of  the  globe  showing  the  relations  of  the 
southern  points  of  South  America.  Africa,  and  Australia  to  Antarctica 
and  the  South  Pole,  and  the  tripartite  division  of  the  south  polar  region. 
The  radiant  lines  merely  suggest  the  approximate  positions  of  the  yield, 
tracts,  which  of  course  take  on  natural  flexures.  The  ovals  suggest  the 
somewhat  circular  configuration  of  the  oceans. 

Australia,  and  South  America  (see  Fig.  30).  These 
all  sutUT,  to  be  sure,  from  the  circumpolar  sag  in  which 
the  southern  -IMS  1U-.  but  all  of  them  are  connected  with 
Antarctica  by  sub-sea  features,  or  at  least  suggestions  of 
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>mh  h-aturcs,  and  there  is  much  biologic  evident  <•  th.it 
there  were  more  ample  connections  in  the  early  geologic 
ages,  late  as  these  were  in  the  bodily  growth  of  the 

earth. 


Fie.  31. — South  Atlantic  view  of  the  globe,  showing  also  the  South 
American  and  South  African  bifurcations  and  angulations  of  the  main 
structure  lines  and  yield-tracts,  indicated  by  the  straight  lines  which 
outline  the  quadrilaterals  inclosing  the  oceans. 

2.  As  the  yield-tract  directed  toward  South  America 
reached  the  fulcrum  zone,  or  its  vicinity,  its  angulation 
and  bifurcation  are  strikingly  realized  (Fig.  31).  The 
main  continental  trend  turns  sharply  to  the  northwest, 
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whili-  ranches  to  tiu  northeast  a  less  dominant 

but    iinjH»rtant    >triutur.i!    tract,    the    ''Backbone    of 

i  main    tmid    t»»    the    northwest    hoMs 

•Jy — overlooking    the    rounded    westward-facing 


llcmn  view  of  the  globe,  •bowing  the  northwest- 
•outbeut  trend  Una  and  their  anguUtkxis  with  the  meridional  traxfc  b 
the  Ugh  Utitudes  ol  both 


outgrowth— and  is  extended  in  good  alignment  through 

thin  us  of  Panama,  the  Central  American  States, 

\ntilles,  and  onward  into  the  United  States  to  the 

critical  zone  appropriate  for  a  reversed  angulation  into 

a  meridional  trend  (Fig.  32).    This  reversal  is  fairly 
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well  expressed  in  structural  trends  which  hold  for  a  while. 
but  they  soon  become  obscured  by  deflections  and 
divergencies  referable  to  special  continental  deployment . 

From  the  point  of  first  angulation  in  South  Anu-ri«  a 
the  structural  belt  trending  to  the  northeast,  cmbnu  ini; 
the  "Backbone  of  Brazil,"  suffers  a  break  where  the  two 
Atlantics  coalesce,  but  it  may  be  regarded  as  having 
a  recovery  and  a  continuation  in  the  structure  lino  that 
skirt  the  northwestern  border  of  Africa.  The  sout  h  w 
ern  deflection  of  the  Atlas  range,  though  a  late  feature. 
was  perhaps  guided  by  the  old  yield-lin* 

3.  The  axis  diverging  from  the  South  Pole  toward 
Africa  seems  to  have  suffered  most  from  the  SI.L;  under 
the  south  seas,  but  on  entering  South  Africa  it  bifurcates 
in  about  the  appropriate  latitude,  and  two  ancient 
crystalline  terranes  strike  northeasterly  and  north- 
westerly, respectively,  nearly  parallel  to  the  two  flank 
the  African  continent  (Figs.  31  and  33).  The  mutual 
divergence  of  these  tracts  falls  short  of  the  ideal  angle, 
suggesting  an  appression  from  the  sides.  This  suggest i<  >n 
is  in  harmony  with  the  configuration  assigned  the  whole 
quadrilateral  and  with  the  peculiarities  of  the  European 
segment.  It  is  also  in  harmony  with  the  notable  pro- 
trusion of  Africa  which,  throughout  geologic  history, 
so  far  as  known,  seems  to  have  been  the  most  uniformly 
protrusive  of  all  the  continents. 

At  about  the  appropriate  latitude  in  the  Northern 
Hemisphere,  the  northwest- trending  branch  of  the 
African  yield-tract  is  interpreted  as  angulating  to  the 
northward  and  following  the  general  direction  of  the  west 
border  of  Europe.  The  northeastward- trend  ing  yield- 
tract  is  interpreted  as  angulating  in  the  opposite  direc- 
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mil  striking  northward  along  the  Ural  axis  toward 
\orth   Pole. 

4.  The  third  yii-M  l»rlt  «!i\t-r^in^  from  the  South  Pole 
seems  to  have  developed  two  subtracts  of  casement  .  tlu 


FlO.  33.— View  of  the  Kurafrican  quadrilateral,  showing  its  somewhat 
approved  form,  its  angulatioos,  and  the  Caspio-Mediterranean  flmttt  of 
fkyrmikmi  grouped  by  an  oval  alter  the  method  used  to  indicate  the 


one  striking  toward  Australia,  the  other  toward  New 
Zealand  (Fig.  34).  On  reaching  the  fulcrum  zone,  both 
oi  UU-M-  nivi-  place  to  a  pronounced  group  of  northwest- 
trending  axes  striking  through  the  East  Indies  and  into 
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when'.  at  the  appropriate  latitude,  they  reach  a 
most  remarkable  center  of  new  trends  which,  while* 
northward,  are  affected  by  a  pronounced  deflection  to 
the  northeast.  The  northwest-  trend  ing  yield-tract 


FIG.  34. — An  East  Indian  view  of  the  globe,  showing  the  dominant 
trend  lines  about  it  and  their  angular  relations  to  the  meridional  lines 
of  the  higher  latitudes,  north  and  south,  as  well  as  their  relations  to  the 
adjacent  great  basins. 

through  the  East  Indies  is  very  pronounced  and  highly 
complex,  but  a  northeastern  belt  is  not  developed. 
The  submerged  configuration  of  the  half-developed 
Australasian  continent  very  closely  resembles  that  of 
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Smith  America.  The  yield-belt  that,  in  an  ideal  scheme, 
should  have  connected  Australasia  with  North  America 
is  replaced  by  an  apparent  coalescence— or  non-severance 
—of  the  N<>rth  Pacific  and  South  Pacific  basins,  more 
likely  their  i urn-severance  than  their  coalescence  after  an 
earlier  severance.  This  non-severance  is  analogous  to 
the  less  complete  effect  already  observed  between  the 

i  and  South  Atlantic.  The  suggestion  is  that 
where  two  quadrilateral  segments  in  opposite  hemi- 
>1  >hi -res  were  so  related  as  to  work  together  in  some  degree 
in  responding  to  rotational  changes,  it  was  possible  for 
them  to  remain  united  on  one  flank  provided  the  other 

i  quite  truly  by  way  of  compensation.  Such 
free  movement  of  the  west  flank  seems  to  have  been  quite 
fully  realized  in  the  unusual  flexibility  of  the  East  India 
tract  standing  over  against  the  united  east  borders  of 
the  North  and  South  Pacific  (Fig.  34),  and  in  the  similar 

ility  of  the  West  Indies  in  compensation  for  the 
partial  union  of  the  North  and  South  Atlantic  on  the  east 
side  (Fig.  35).  If  this  interpretation  i>  vali.l.  it  is  not 
strange  that  the  joint  Pacific  segment,  by  far  the 
greatest  of  all,  should  have  required  for  compensation  on 
its  west  i -rn  >ide  so  marked  and  so  broad  a  tract  as  that 
embraced  between  the  two  lines  drawn, on  the  illustrative 
globe,  which  are  extended  to  each  pole. 

North  of  the  North  Pacific  segment  there  are  notable 
deviations  from  our  ideal  scheme.  The  most  notable 
of  these  is  the  Alaska-Siberian  bridge  between  the 
American  and  Asiatic  •  continents,  which  cuts  of!  the 
apex  of  the  North  Pacific  quadrilateral.  The  present 
expression  of  thi>  i>  late  in  origin.  If  the  initiation  of 
the  bridge  i-  not  really  late  in  origin,  it  has  certainly  been 
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strongly  accentuated  in  relatively  n  vent  geolo^iY  tinu>. 
and  so  it  is  perhaps  more  largely  referable  to  shrinkage 
diastrophism  than  to  embryonic  causes.  We  will  refer 
to  this  later. 


Fie.  35. — North  Atlantic  view  of  the  globe,  showing  the  relations 
of  the  coalescent  ocean  basins  to  the  yield-tracts  lying  west  of  them, 
particularly  those  of  the  West  Indies. 

While  this  and  other  divergencies,  shortcomings,  and 
overplacements  are  not  to  be  ignored,  the  prevailing 
obliquity  in  the  equatorial  belt  and  the  prevailing 
meridional  trend  in  the  higher  latitudes — especially  in 
the  dominant  hemisphere — are  so  pronounced  that  they 
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can  scarcely  be  w  it  li- 'it  uiiidamental  significance.    Some 
H  m.  .'inpletcncss  of  expression  of  the  basal  frame- 
K  is  prrhapN  referable  to  a  phase  of  the  very  prim  iplc 
A  in.  h  the  whole  segmentation  is  based,  viz.:    the 
i<l  bodie>  ate  easement  move- 

ments in  zones  of  freest  yield  and  to  reduce  disruptive 
>  elsewhere  minimum.    There  seem  to  be 

Me  expressions  of  th 

1.  Di.i>tro]  <  nts    in    the   equatorial    belt 
seen            cbeen  concentrated,  to  an  exceptional  degree, 
in  t  so  conspicuous  in  the  East 
Indies  and  in  the  West  Indies,  both  of  whit  h  habitually 

:er  seism  it  and  volcanic  di>Uirbamcs  even  to  this 
day.  Unusual  flexibility  in  these  tracts,  on  the  west 
flanks  of  the  great  paired  oceans,  stands  over  again>t 
the  coalescence  oi  tin  North  and  South  Pacific,  and  the 

th  and  South  Atlantic  on  the  opposite  sides  of  their 
respective  segments,  as  already  noted;  and  so,  as  a 

It.  the  six  segments  of  the  ideal  scheme  coalesced 
partially  into  three  working  pairs,  and  so  the  ultimate 

king  segmentation  became  about  as  nearly  tritul  as 
hexai  irked  Mmplilualion. 

2.  During  the  latter  half  of  the  adult  ages  of  the  earth, 
re  seems  to  have  been  a  tendency  to  concentrate 

dia-trophi>m  in  two  great  deformative  tracts  so  crossing 
another  a-  to  relieve,  in  large  part,  the  greater 
stresses  that  arose  in  the  earth-body — a  tendency 
reduce  tripartite >n  t<>  bipartition,  as  the  earth  grew 
old  and  stiff.  These  two  great  belts,  in  the  latest  geologic 
ages,  were  "the  great  world-ridge"— the  American 
Cordilleras  projected  across  Asia  and  into  Africa — and 
the  great  Alps-Himalaya  mountain  tract.  Even  in  the 
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development  of  these,  however,  then-  appears  a  marked 
tendency  to  take  advantage  of  the  yield-trait^  piv\i 
ously  defined  by  the  basal  segmentation.  The  frame- 
work lines  were  followed  by  "the  world-ridge"  through 
South  America,  Central  America,  and  half  through  North 
America;  there  was  then  a  " cut-off  "  to  the  Asian  tract, 
but  in  the  less  pronounced  extension  across  Arabia  and 
Africa,  the  basal  yield-tract  was  again  approximately 
followed.  The  transverse  Alpine-Himalayan  tract  also 
followed  the  basal  yield-tracts  in  Australia  and  East 
Asia,  but  in  its  westward  extension  across  the  Eur- 
african  segment  it  followed  the  fulcrum  zone.  In  other 
regions  this  zone — the  junction  line  between  tin-  n<  i 
eating  triangular  segments,  the  fundamental  units  of 
the  whole  scheme — shows  signs  of  susceptibility  to  dis- 
ruption, but  that  cannot  be  dwelt  upon  here.  It  is 
merely  possible  to  emphasize  briefly  the  fundamental 
tendency  toward  simplification,  as  is  appropriate  in  a 
rigid  globe,  growing  more  and  more  rigid,  no  doubt,  as 
age  creeps  on. 

But  perhaps  the  most  singular  and  significant  of  all 
such  features  of  the  earth's  surface  is  the  alternate,  or 
offset,  positions  of  the  northern  factors  relative  to  tin- 
southern,  as  the  offset  to  the  northwest  of  the  North 
Atlantic  relative  to  the  South  Atlantic,  of  North  America 
relative  to  South  America,  of  the  North  Pacific  relative 
to  the  South  Pacific,  and  of  Asia  relative  to  Australasia. 
The  offset  of  Europe  and  North  Africa  relative  to 
South  Africa  is  much  less  pronounced,  and  falls  in  with 
the  general  suggestion  of  appression  already  noted 
Thjs  prevailing  alternation  of  position  is  closely  in 
accord  with  its  assigned  origin  in  the  dovetail  arrange- 
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i  ..i  tlu  working  segmcntal  pain  that  constituted 
the  assigned  primary  segmentation. 

OF  THE  SUB-OCEANIC  CONES 

Although  it  is  natural  to  give  first  >n  to  the 

muling  rlrinrnts  of  the  earth's  anatomy,  as  we  have 
done,  they  arc  not  its  dominant  they  are  really 

weak  features,  its  yield-effects.    The  master-features 
are  tlu-  -lepressed  centers  of  the 

segrnci:1  -elves.    Because  the  borders  were  dis- 

rupted and  protruded,  and  came  in  consequence  to  be 
the  tracts  of  lesser  specific  gravity,  as  already  set  forth, 
waters  gathered  progressively  toward  tlu 

the  segments.  If  it  were  safe  to  follow  strictly  tlu 
analogy  of  the  basaltic  segments,  we  might  assume  that 
the  borders,  and  particularly  the  angles,  of  the  original 
juadrilateral  segments  were  elevated  while  the  centers 
were  depressed.  Probably  this  was  so,  but  without 
trusting  too  much  to  this,  the  dynamics  of  the  case  led 
to  central  depression  as  growth  went  on — and  to  some 
interesting  ns  of  these  depressions  as  well.  We 

have  assigned  reasons  for  the  concentration  of  the 
heavier  material  in  the  centers  of  the  oceanic  ba- 
As  the  oceanic  waters  gathered,  they  lent  their 
weight  to  the  further  depression  of  the  abysmal  basins. 
Though  more  or  less  angular  in  coastal  details— 
the  e fleets  of  minor  agencies — these  basins  appear 
D  in  general  circularity  a^  the  natural 
result  of  the  erosions  and  depositions  of  the  gyrating 
oceanic  currents.  In  the  accompanying  figures  ovab 
have  been  drawn  to  emphasize  this  general  circularity 

i*.  30-38). 
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By  tin-  progressive  concentration  of  the  hravirr 
material  in  them  and  upon  them,  in  the  ways  already 
M-t  forth,  the  sub-oceanic  segments  were  subjected 
to  greater  vertical  pressure  than  the  land  segments  at  all 


FIG.  36. — View  of  the  Indian  Ocean,  showing  its  fundamental  cir- 
cularity, shown  by  the  oval,  and  the  main  yield-tracts  adjacent  to  it, 
indicated  by  the  straight  lines  which  define  the  quadrilateral  within 
which  the  ocean  lies. 

times  during  the  long  era  of  their  growth  and  even 
subsequent  to  their  appreciable  growth.  There  was 
periodic  yielding  to  this  in  the  interest  of  equilibrium  of 
stress,  and  this  involved  lateral  pressure  in  addition  to 
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ttu  vertical  pressure.    Under  the  law  that  equal  pres~ 

in  .ill  .  is  increases  rigidity,  tin-  sub-ocea 

segments   should    have   acquired   degrees   of   rigidity 
those  attained  by  the  continental  segments, 
whith.    ax    the    >  ield-segrrx  ufTered    mon 

ial  stresses.  Tin-  ub-oceanic  segments  enjoyed 
some  advantages  of  attitude  and,  on  account  of  this, 
ered  less  surface  deformation,  and  probably  less 
internal  distortion  also,  and  for  these  reasons  they  should 
have  been  less  affected  by  schistosity  and  the  allied 
adapt  •«>  easement  mo\ 

o  far  as  the  sub-oceanic  segments  came  to  have 

outlines  at  the  surface,  their  downward  ext 

•  »uld  lome  to  be  conical  rather  than  pyramidal. 

To  this  extent,  it  i-  fitting  to  speak  of  them  as  cones. 

Whether  they  are  to  be  regarded  as  frustums  of  cones, 

reaching  merely  to  the  horizon  at  which  planetesimal 

growth  began,  or  as  complete  cones,  developed  to  the 

cart  >ni.>r  pressure  and  by  dominance  in 

diastrophie  a* -tion,  we  need  not  turn  aside  here  to  con- 

r.     Whether   frustums   or   Completed  cones,  they 

became  the  m  ->rs  in  the  shaping  of  the  earth 

reason   of    tlu-ir    >uprrior   >pivitu    gravities,   their 

Mil-  idities.  tlu-ir  relative  freedom  from  >ielding 

trai  t>  as  well  as  their  progressive  loading  which  served 

tantly  to  keep  them  under  growing  pressure. 

the  ideal  six  oceanic  basins  attained  pro- 

noiuued  development,  the  North  Atlantic,  the  South 

Atl.mti  li an.  the  North  Pacific,  and  the  South 

Pacific.    Under  these  let  us  picture  five  great,  heavy, 

ib-oceanic  cones.    What  should  have  been  the 

h.  in  an  ideal  development,  is  represented  by  the 
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broken,  pitted  Caspian-Mediterranean  ^roup  of  ba>in>, 
with  its  strange  assemblage  of  abrupt  depressions  and 
elevations,  not  to  speak  of  the  strangely  elongate  fossae 
in  which  lie  the  Red  Sea,  the  Dead  Sea,  and  the  Adriatic 
(see  Fig.  33).  This  remarkable  combination  may  i 
haps  be  regarded  as  a  substitute  for  the  ocean  that 
ideally  should  have  had  a  place  in  the  heart  of  the  Eur- 
african  quadrilateral.  This  abortive  result  seems  to 
find  a  correlative  in  the  half-developed  Australasian 
continent  on  the  opposite  side  of  the  globe.  In  the 
earlier  geologic  ages  the  quasi-oceanic  mediterranean 
cluster  of  basins  embraced  wider  and  deeper  depressions 
than  now,  but  it  does  not  appear  ever  to  have  been 
merged  in  a  continuous  abysmal  basin,  at  least  not  in 
known  geologic  history. 

The  basins  destined  to  become  truly  abysmal  were 
probably  unequal  in  area  and  depth  at  the  start,  for 
inequalities  would  almost  inevitably  arise  in  the  primary 
segmentation  of  such  a  body  as  the  earth  yielding  under 
such  a  complex  of  stresses  as  were  brought  to  bear  upon 
it.  Such  inequalities  as  arose  at  the  outset,  or  in  the 
early  stages,  naturally  influenced  the  adjustments  of 
the  segments  to  one  another  in  the  later  stages,  and  so 
led  to  progressive  encroachments  of  the  greater  on  the 
lesser,  and  these  primitive  inequalities  grew,  in  time,  into 
the  still  larger  inequalities  of  today.  The  results  of  the 
struggle  between  these  factors  of  different  powers 
claim  a  moment's  attention. 

A  very  natural  effect  seems  to  have  been  the  pairing  of 
the  weak  with  the  strong  in  antipodal  positions.  The 
heavy,  relatively  rigid,  sub-oceanic  cones  stand  oppo- 
site the  lighter,  weaker,  yielding  continents.  The 
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heavy  rigid  factors  came  also  to  be  larger  than  the  lighter 
weaker  ones,  in  about  the  ratio  of  two  to  one,  surface 
measure.  The  embossment  of  North  America  lies 
opposite  the  basin  <>t  tiu  Indian  Ocean;  the  embodiment 


Fie.  37.— South  Pacific  view  of  the  globe  and  the  adjacent  yield- 
tracts  on  the  east,  south,  and  west,  and  its  coalescence  with  the  North 
Pacific,  indicated  by  the  overlapping  of  the  circles,  which 
circularity  of  the  oceans. 


trail  a  lies  opposite  the  basin  of  the  North  Atlantic; 
the  great  protuberance  of  Africa  is  antipodal  to  the 
abysmal  depths  of  the  Central  Pacific;  the  greater 
mass  of  Asia  is  antipodal  to  the  South  Pacific,  while 
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its  eastern  extremity  lies  oppo>ite  the  South  Atlantic 
basin;  South  America  is  antipodal  to  the  we>t\vard 
extension  of  the  North  Pacific.  The  equatorial  part  of 
the  South  Atlantic  basin  is  not  represented  by  an  anti 
podal  protrusion,  though  its  southern  part  lies  opposite 
the  Alaska-Siberian  bridge.  Thus  the  law  of  opposi' 
as  respects  both  position  and  dynamic  power,  is  well 
sustained,  though  not  perfectly  realized.  The  heavy, 
rigid,  sub-oceanic  masses,  with  their  superior  tendency 
to  work  toward  the  earth's  center,  are  rather  definitely 
correlated  with  the  lighter,  weaker  continental  masses 
that  have  shown  a  yielding,  protuberant  tendency 
throughout  geological  history. 

If  all  deformative  actions  are  pictured  as  due  to  mere 
local  or  regional  surface  pressure  acting  on  a  viscous  or 
plastic  earth-body,  some  very  debatable  questions  as 
to  the  transmission  of  stresses  to  the  opposite  side  of 
earth  naturally  arise;  but  if  the  rotational,  the  tidal, 
and  the  larger  stress-effects  of  loading  and  unloading 
are  pictured  as  stress-differences  affecting  every  part  of 
the  body  and  the  central  portions  in  highest  degree,  and 
if  these  stresses  are  conceived  as  acting  preponderantly 
through  the  relatively  rigid  sub-oceanic  cones,  the  stiffcr 
set  of  factors,  while  the  weaker  set  of  factors  opposed 
to  them  are  rendered  susceptible  of  yielding  by  zones 
of  schistosity,  the  struggle  for  advantage  of  position 
takes  on  a  different  aspect;  it  becomes  chiefly  a 
simple  contest  of  mechanical  push  and  yield  that 
reaches  its  climax  in  the  deep  interior.  The  stiff 
heavy  cones  naturally  should  have  found  accommoda- 
tion by  pressing  into  the  yielding  tracts  opposite  them. 
An  alternate  adjustment  with  the  opposing  cones  of 
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own  stiff  type  may  be  regarded  as  a  necessary 

An  of  every  stage  of  progress  of  the 

heavy,  rigid,  sub-oceanic  cones  in  working  toward  the 
earth's  center  was  a  lateral  crowding  of  the  weaker, 
lighter,  continental  wedges  that  filled  the  space  between 
them.  The  observed  secular  tendency  to  up  yielding,  on 
the  pan  of  the  continents,  as  the  reciprocal  to  the 
observed  oceanic  tendency  to  work  downward,  con- 
jointly with  the  inevitable  lateral  thru>t,  thus  appears 
as  a  logical  consequence  of  the  whole  process  of  growth 
and  adjustment.  '1  lie  struggle  is  interpreted  as  but  a 
method  of  seeking  isostatic  adjustment  in  a  form  not 
only  wholly  consistent  with  the  earth's  essential  rigidity. 
hut  ai  tinted  and  controlled  by  the  superior  rigidit\ 
oceanic  cones. 

se  aggressive  actions  of  the  stronger  at  the  expense 
of  the  weaker  were  expressions  of  the  law  of  dominance, 
while  at  the  same  time  they  came  to  be  illustrations  of  the 
law  of  opposite,  and  of  the  law  of  alternates.  The  stiff 
heavy  cones  should  naturally  have  grown  more  and 
more  dominant  as  their  masses  and  their  rigidities 
increased,  and  as  their  competitors  suffered  in  re- 
power  by  yielding  and  suffered  at  the  same  time  in 
weight  by  erosion  at  their  surfaces. 

Naturally  enough,  a  dominance  of  the  greater  sub- 
oceanic  cones  over  the  lesser  of  their  own  class  appears. 
The  three  greatest  sub-oceanic  cones— the  great  tri 
umvirate  that  lay  beneath  the  South  Pacific,  the  North 
Pacific,  and  the  Indian  oceans,  respectively— not  only 
appear  to  have  mastered  and  crowded  aside  their  lesser 
competitors  hut  to  have  joined  forces  in  pushing  toward 
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the  earth's  center.  In  so  doing  they  seem  not  only  to 
have  drawn  a  superior  measure  of  the  hydrosphere  and 
of  its  dissolved  rock  in  upon  themselves,  resulting  in  Un- 
well-recognized water-hemisphere,  but  to  have  forced 


FIG.  38. — North  Pacific  view  of  the  globe,  showing  the  relations  of 
the  abysmal  basin  to  North  America,  Asia,  and  Australasia,  to  the 
Alaska-Siberian  bridge,  and  to  the  South  Pacific. 

the  weaker  cones  beneath  the  two  Atlantics,  and  the  con- 
tinental wedges  that  clustered  about  them  to  yield,  and 
by  such  yielding  to  have  formed  the  land  hemisphere. 
A  bilateral  asymmetry  was  thus  imposed  on  the  earth. 
Some  measure  of  this  might  indeed  be  accomplished  by 
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a  shift  in  tin-  i  niter  of  gravity  of  the  earth,  without 

diastrophism,  hut  the  latter  seems  to  us  inevitable  also. 

We  have  spoken  of  the  Southern  Hemisphere  as 

dominant  in  specific  gravity,  in  Mil>M<Kiuc,  in  water- 

accumulation,  in   lower   temperature,  and  in  heavier 

atmosphere;    hut.  more  aeeurately  >peakin;r,  tin-  tenter 

of  dominance  in  most  of  these  respects  lies  near  ttu 
inn. :  .e  three  great  oceans;  causally  it  is  to  be 

«-d  to  the  heavy  cones  that  lie  beneath  them. 
hemisphere  of  preponderant  gravity,  and  hence  of 
abysmal  areas  and  of  water  bodies,  centers  not  far 
from  New  Zealand,  while  the  compensatory  protuber- 
ances are  distributed  about  some  point  in  Southeastern 
Kurope,  a  region  of  notable  instability,  of  tortuous 
folding,  of  pronounced  overthrusts,  upthrows,  and 

throws,  and  of  igneous  and  seismic  phenomena. 
There  may  be  no  causal  relationship  in  this,  but  it  is 
sugge  1  his  largest  of  deformative  concepts,  that 

of  hemispherical  adjustments,  compensations,  and 
balancings,  involves  extremely  massive  movements,  but 
perhaps  they  may  all  be  realized  by  the  wedging  action 
of  essentially  rigid  elements  separated  by  schistose 
tracts;  if  so,  in  their  combination  they  would  form  an 
essentially  rigid  earth. 

In  thus  carrying  forward  into  the  interpretation  of 
the  later  physiographic  configurations  some  rather  re- 
mote deductions  drawn  from  the  planetesimal  dynamics 
engaged  in  the  shaping  of  the  juvenile  earth,  we  are 
pain  fulls  conscious  of  the  high  probability  that  we 
have  fallen  into  some  misconceptions,  perhaps  not  a 
few,  and  have  entertained  views  that  will  need  to  be 

ed.    But  even  misconceptions  may  be  suggestive; 


224  MM    ORIGIN  <>i    mi    EARTH 

they  arc  likely  to  be  more  suggest i\ c  than  no  conceptions 
at  all.  Tlu-  Mrons;  tmid  of  evidence,  convcr^in^  from 
several  quarters,  pointing  almost  uiu-qui vocally  to  a 
pervasively  rigid  earth,  lends  some  degree  of  sanction  to 
almost  any  serious  attempt  to  build  up  a  system  of 
dynamic  concepts  that  are  consistently  loyal  to  the 
known  behavior  of  crystallizing  rock-masses,  as  such, 
and  that  scrupulously  leaves  them  in  the  full  possession 
of  their  typical  qualities  at  all  stages  of  the  earth's 
reshaping. 
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CHAPTER  IX 
INNER  REORGANIZATION  OF  THE  JUVENILE  EAR  I  II 

The  heterogeneous  way  in  which  the  accessions  from 
the  parent  nebula  were  gathered  into  the  growing  earth, 
their  intermixture  with  air  and  water,  their  partial 
oxidation,  carbonation,  and  hydration,  and  their  pro- 
gressive burial  deeper  and  deeper  as  growth  proceeded, 
were  eminently  fitted  to  call  into  action  a  series  of 
readjustments,  recombinations,  and  recrystallizations 
in  the  interest  of  a  better  accommodation  to  the  new 
conditions  that  gradually  arose  in  the  interior.  Not 
only  was  each  layer  pressed  by  the  layers  that  accumu- 
lated above  it,  but  the  force  of  gravity  grew  with  each 
accession  and  the  growing  body  pulled  itself  together 
with  increasing  power  as  time  went  on*.  The  total 
shrinkage  of  the  loose  surface  matter  in  reaching  its 
final  compact  form  was  nearly  a  third  of  its  original 
volume.  A  portion  of  the  energy  that  had  been  engaged 
in  maintaining  the  volume  of  the  mass  was  turned  by 
compression  into  heat  and  this  powerful  agency  for  both 
chemical  and  physical  change  was  brought  into  action. 
At  the  same  time  and  by  the  same  act,  growing  pressure 
was  brought  to  bear,  the  normal  effect  of  which  is 
increase  of  rigidity.  There  thus  arose  in  the  interior  a 
contest  of  co-operative  but  yet  antagonistic  agencies,  a 
contest  not  unlike  that  waged  by  the  geologic  triumvirate 
on  the  surface. 

226 
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IMK  BADIOACnVE  FACTOR 

There  was  .here  also  a  third  agency,  atomic  dissocia- 
ti"n.  Radioactive  elements  in  undergoing  spontaneous 
decomposition,  then  as  now,  no  doubt  Oi-.t  streams 

of  elei  tr<>ns  and  alpha-particles  into  the  adjacent  matter 
at  such  prodigious  \.-l...  hies  that  they  penetrated  to 
appreciable  distances  and  constantly  tended  to  raise  the 

iHT.it ure.  Radioactive  heat  was  thus  added  to  the 
heat  of  compress i<  -n .  1 1  is  assumed  that  the  radioactive 

lents  fame  in  with  the  other  accessions  fn.m  without 

and  that  they  were  scattered  at  random  through  the 

s  added  to  the  earth.    Special  students 

of  the  subject  find  by  computation  that,  if  radioactive 

matter  were  scattered  through  the  interior  uniformly 

h  a  value  equal  to  that  in  the  surface  rocks,  a  layer  less 
than  forts  miles  in  depth  would  generate  as  much  heat 
as  the  earth  is  now  giving  forth.     There  is  no  ejq» 
mental  r\i:  degrees  of  heat  and  pressure 

as  prevail  in  the  earth  would  restrain  the  disintegrating 
habits  of  radioactive  matter  and  explain  on  this  basis 
the  relatively  low  measure  of  heat  arising  from  the 
interior.  It  is  therefore  inferred  that  the  radioactive 
material  was  originally  scattered  sparsely  through  the 
whole  ingathered  mass  but  was  concentrated  later  at  the 

Eace.  I:  i  is  quite  in  harmony  with  the  evidence 
gathered  from  fresh  effusions  of  lava  presumed  to  come 

n  considerable  depths,  from  meteorites  that  come 
from  space,  from  the  sun  and  the  stars,  which  implies 
scantiness  rather  than  richness  in  radioactive  elements. 
I  hcrefore  assumed  that  there  was  only  a  sparse 
distribution  of  radioactive  elements  in  the  parent  nebula, 
and  hence  in  the  original  material  of  the  earth,  but 
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that  there  was  progressive  concentration  of  these  at  the 
surface  as  effusive  igneous  action  went  on. 

This  revolutionary  factor  was  quite  unknown  and 
unanticipated  when  the  planetesimal  view  of  earth  - 
problems  was  first  entertained,  and  it  is  interesting  as 
well  as  gratifying  to  see  how  happily  it  falls  in  with  the 
processes  already  postulated.  The  new  factor  is  to 
be  pictured  as  giving  rise  to  a  multitude  of  minute  self- 
heating  centers  scattered  at  random  through  the  growing 
mass  and  adding  sharply  localized  heat  to  that  which 
arose  more  uniformly  from  compression. 

STRESS  CONTROL  OF  THE  INTERIOR 

Let  us  not  fail  to  note,  at  the  outset,  the  stress- 
conditions,  for  they  are  held  to  be  a  vital  agency  in 
forcing  liquid  matter  to  the  surface  as  fast  as  formed 
in  workable  quantities,  except  as  its  specific  gravity 
may  have  been  high  enough  to  resist  this.  Besides 
the  simple  hydrostatic  pressure  of  gravity,  equal 
in  all  directions,  there  were  stress-differences  arising 
from  changes  of  rate  of  rotation,  from  the  pulses  of 
the  body  tides,  and  from  shrinkage.  Let  us  accept 
the  modern  view  that  equal  pressure  in  all  directions 
tends  toward  rigidity,  while  unequal  pressures,  or  stress- 
differences,  favor  solution,  fusion,  recrystallization,  and 
like  changes.  The  gravitative  pressures — which  now 
range  from  one  atmosphere  at  the  surface  to  about 
three  million  atmospheres  at  the  earth's  center — were 
indeed  less  than  this  while  tin  earth  was  in  its  juvenile 
stages,  but  proportionally  less  force  was  required  to 
expel  liquids  then.  The  special  nature  and  the  high 
competency  of  the  rotational  stress-differences  have 
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already  been  emphasized.  The  tidal  stress-differences 
were  small  and  no  doubt  always  fell  within  the  clastic 
limits  of  rock  except  when  very  close  to  tin-  yield-j>oint 
uuses;  none  the  less,  a  perpetual  alternation 
of  even  minute  stresses  and  reliefs,  acting  on  rocks  whose 
trinjRTatures  were  rising  and  whose  molecules  were 
approaching  the  i  ritual  point  of  loosening  their  holds, 
was  quite  certain  to  accelerate  >iu  h  l.M»i-ning  by  adding 

ritieal  amount  «»i  stress  needed. 
Without  doubt,  tlu-  moxt  important  feature  of  the 
tidal  and  the  rotational  stress-differences  in  this  c< 

•ion  lay  in  tin-  vital  fat,  already  repeatedly  empha- 
sized, that  they  were  greatest  at  the  center  and  graduated 
1  heir  at  tion  was  not  unlike  a  vise  closing 
I  hey  were  superposed  on  the  hydrostatic 
stresses  of  gravity  whu  h  graded  still  more  strongly  from 
tlu-  renter  outward,  and  which,  though  pressing  equally 
in  all  d;  any  given  point,  yet  had  a  selective 

effect  which  ot  itself  tended  to  force  the  lighter  liquids  to 
the  surface.  The  nature  and  distribution  of  the  stresses 
that  arose  from  .shrinkage  and  other  sources  were  too 

iplicated   to  be   discussed    in    this   connection.     It 

rely  be  noted  that  all  the  lands  were  suffering  loss 

of  weight,  at  least  rela  nd  that  all  the  oceans 

;e  gaining  load.  When  it  is  considered  that  t he- 
mechanical  sediments  were  chiefly  gathered  in  Selves 
about  the  borders  of  the  lands  and  that  they  thus  formed 
a  network  enveloping  the  earth,  and  when  it  i>  further 
considered  that  the-  material  dissolved  from  the  lands 
was  diffused  through  the  oceans,  increasing  their  weight, 
and  that  they  enveloped  the  earth  in  a  belt  of  broad 
areas,  it  can  scarcely  be  questioned  that  these  two 
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comprehensive  systems  of  loading  the  earth  generated 
widely  prevalent  and  deep  stress-differences,  and  that 
their  .general  effects  on  mobile  matter  within  the  earth 
must  have  been  analogous  to  those  of  the  rotational  and 
tidal  stresses. 

Taken  conjointly,  these  seem  amply  to  warrant  tin 
view  that  the  earth-body  was  at  frequent  intervals, 
if  not  more  or  less  constantly,  permeated  by  stress- 
differences  whose  tendencies  were  to  force  to  the  surface 
all  mobile  material  whose  specific  gravities  were  insuffi- 
cient to  resist  them.  This  was  a  mechanism  well  suited 
to  preserve  the  solidity  of  the  earth  against  increasing  hi  a  t 
and  growing  liquefaction  by  forcing  the  heat-product 
and  a  vital  portion  of  the  heat  itself  to  the  surface. 

The  precise  mode  by  which  lavas  find  their  way 
through  solid  continuous  rock,  such  as  prevails  below 
the  zone  of  fracture,  is  a  problem  not  yet  fully  elucidated. 
That  they  do  penetrate  such  rock  seems  to  be  placed 
beyond  question  by  the  hundreds  of  volcanic  vents 
that  must  apparently  connect  with  the  heated  regions 
that  lie  much  below  the  zone  of  fracture.  The  fact  that 
igneous  effusions  avail  themselves  of  fissures  in  the  zone 
of  fracture  does  not  answer  the  question  of  their  mode 
of  penetrating  the  unfissured  zone  below.  The  upper 
part  of  this  zone  of  continuous  rock  seems  clearly  to  have 
a  much  lower  temperature  than  molten  lavas  and  so  has 
a  chilling  effect  on  them  which  is  an  adverse  factor. 
So,  too,  the  stresses  thus  near  the  surface  are  generally 
of  the  lower  order,  except  at  times  of  diastrophi^m 
These  factors  make  the  present-day  problem  quite  as 
insistent  as  that  of  the  earlier  ages  and  of  the  deeper 
horizons.  The  process  of  penetrating  the  cold  crust 
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would  seem  to  be  somewhat  more  difficult  than  that 
of  lower  horizons  where  the  temperatures  arc  higher 
ami  where  tin  liquefaction-curve  is  probably  nearer 
the  temperature-curve.  As  lavas  have  been  poured 
forth  at  all  known  geologic  ages  and  at  a  multitude 
the  earth's  suri'air.  there  seems  no  need 
to  regard  the  possibility  of  escape  of  lavas  as  a  special 

ion  affecting  our  problem        I  :  hat  the  earth 

is  now  Hiving  forth  lavas  at  many  p-  intervals 

and  in  little  driblets,  though  the  earth  is  certainly  now 
essentially  solid  and  even  highly  rL-i-i.  i-  interpreted  as 
a  living  expression  of  the  view  here  urged,  to  wit:  that  the 
mechanical  stresses  within  the  earth  force  lavas  out 
essentially  as  soon  as  they  accumulate  to  working  vol- 
umes. The  small  average  size  of  present  eruption- 
implies  that  the  quantity  of  lava  required  to  constitute 
such  working  volume  is  small.  In  harmony  with  this  is 

10  damping  effects  of  molten 
rocks  on  the  transmission  of  earthquake  wave- 
on  the  el.  ;>onscof  the  earth-body  to  tidal  stress, 
have  been  detected.  I  -.ounced  tidal  movements 
might  be  expected  in  the  mi  ks  of  volcanoes  if  the\ 
i  on mvted  with  large  reservoirs  of  lava  below,  but  if 
is  any  response  to  tidal  strains  at  all,  it  is  scarcely 
detectable.  The  independence  of  volcanoes  quite  near 
one  another  is  pointed  evidence  adverse  to  a  liquid 
con  net  tion  and  to  great  subterranean  reservoirs.  Nor 
is  this  mitigated  by  evidences  of  sympathy  of  a  certain 
when  under  the  same  stresses,  or  affected  by  the 
same  source  of  agitation 

If  we  turn  for  a  moment  to  the  const  native  side  of 
the  problem,  the  process  of  rock-flow  by  recrystallization 
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offers  suggestions  in  tin  hints  it  gives  of  the  ability  of 
fur  matter  to  move  through  solid  rocks  under  high 
pressure.  In  such  recrystalli/ation  there  is  obviously 
not  a  little  movement  of  molecules  into  new  positions, 
else  old  crystals  could  not  take  new  shapes  and  ali\rn 
themselves  in  harmony  with  the  stresses  that  force  tin- 
reorganization;  much  less  could  new  crystals  form. 
In  most  of  the  cases  critically  studied  there  does  not 
seem  to  have  been  even  a  close  approach  to  general 
melting  or  solution,  but  only  a  very  partitive  molecular 
action. 

In  the  cases  we  most  wish  to  consider,  the  most 
soluble  portion  of  the  mass  is  assumed  to  have  passed 
into  the  liquid  state.  This,. in  itself,  helped  to  prepare 
the  way  for  the  movement  of  this  liquid  portion  by  at 
least  partially  preparing  liquid  passageways.  If  not 
at  once  adequate,  delay  would  increase  the  liquefaction 
and  lead  on  toward  adequacy,  so  that,  long  before  the 
whole  mass  became  liquid,  a  way  of  escape  would  be 
provided  by  the  process  itself.  It  is  helpful  to  observe 
that,  while  mean  pressures  may  be  the  same  on  liquid 
as  on  solid  rock,  the  pressures  on  the  liquid  are  trans- 
mitted equally  in  all  directions  and,  as  a  result,  the 
liquid  may  insinuate  itself  into  the  most  yielding  planes, 
or  into  the  weakest  points,  in  the  crystalline  mass;  on 
the  other  hand,  the  crystals  are  subject  to  unequal 
strain  and  to  the  development  of  weaknesses  between, 
or  within,  themselves,  of  which  the  liquid  may  take 
advantage. 

There  seems  good  warrant,  then,  in  observed  vu lean- 
ism  and  in  theoretical  considerations,  for  the  generaliza- 
tion that  molten  rock  is,  and  probably  always  has  been, 
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persistently  squeezed  out  <>f  the  earth  !>y  the  stresses 
and  strains  that  permeate  it.  The  periodicity  of  these 
stresses  and  strains  gives  pencil,  it  \  to  vulcanism,  but 

•  lume  nf  li.jiii.l  mar  isitc  to  i 

expulsion  seems  to  have  extended  vulcanism  beyond 
is  of  marked  diastrophism  because  the  stress 
nits  are  so  small. 

\\ith  this  envi;  of  stress  and  strain  an 

expulsory   tendency   ever   in   mind,   let  US   turn   to  the 
changes  which  the  heterogeneous  mixture  of  ma 
in  th.  probably  have  undergone  as  the 

temperatures,  the  pressures,  and  the  stress-differences 
waxed  more  and  more  intense  with  progressive  burial, 
ed  hardly  be  urged  that  there  would  be  pre- 
eminent opportunities  as  well  as  i  :  demands  for 
ph\>ical  readjustment^,  for  chemical  recombina* 
and  for  adaptive  recrystallization>.  There  would  be 
especial  urgency  toward  those  readjustments,  combi- 
and  recrystallizations  that  brought  better 
adaptation  to  the  increasing  heat,  pressures,  and  stress- 
differences. 

DIVERGENT  COURSES  OF  HEAT 

part  played  by  heat  was  obviously  critical.    Let 
it   then  l>e  carefully  noted,  at  the  outset,  that  each 
increment  of  heat  was  likely  to  suffer  partition  into  three 
one  to  be  consumed  in  forming  new  heat- 
absorbing  solid  compounds,  another  to  produce  lique- 
tlu  most  soluble  or  fusible  rock  substance, 
taking  the  latent  form,  and  the  third  to  remain  as  sensible 
heat,  maintaining  the  new  temperature  status  of  both 
rock  and  liquid.    The  first  remained  as  energy  of  organi- 
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zation.  The  second  went  with  the  liquid  wherever  the 
stresses  and  strains  forced  it,  mainly  upward  and  out- 
ward. The  third  followed  alternate  courses:  a  part  was 
ried  toward  the  surface  with  the  ascending  liquids  and 
later  radiated  into  space;  a  part  was  carried  toward  the 
surface  by  conduction;  and  a  part  remained  as  an  incre- 
ment of  temperature.  This  last  was  always  subject  to 
loss  by  conduction .  While  there  was  therefore  a  tendency 
to  increase  the  central  heat  and  steepen  the  temperature 
gradient,  so  long  as  compression  remained  efficient  and 
so  long  as  radioactive  particles  remained  in  effective 
abundance,  there  went  hand  in  hand  with  this  tendency 
to  increase  a  group  of  checking  processes.  The  probable 
result  was  an  equally  constant  tendency  toward  an 
equilibrium  in  which  the  chief  controlling  element  was 
the  solution  or  fusion  of  the  most  soluble  or  fusible 
compound  in  the  heterogeneous  mixture.  The  main 
action  was  probably  mutual  solution  rather  than 
melting.  It  is  not  known  that  simple  pressure,  by  tin 
heat  it  generates,  will  melt  any  substance  that  shrinks 
on  crystallizing — which  includes  practically  all  u»der 
consideration — so  far  as  experimentation  covers  the 
case;  pressure,  on  the  contrary,  increases  the  rigidity 
of  all  such  substances.  It  was  probably,  therefore, 
chiefly  the  heat  of  radioactivity,  and  perhaps  certain 
chemical  reactions,  that  promoted  liquefaction.  The 
temperature  should  then  have  been  regulated  by  lique- 
faction and  probably  never  rose  above  the  solution- 
curve  of  the  most  soluble  substances  that  remained  at 
each  given  horizon.  The  thermal  gradient  and  the 
solution-curve  were  identical  throughout  the  liquefying 
horizons. 
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Now  it  is  important  to  observe  that  the  assigned  rise  of 
pressure  was  very  gradual  and  the  increment  of  heat 
t  any  stage  was  very  deliberate.    So  also 
was   the  heat  generated   by   the  sparse   radical  t 
material.    So  probably  was  the  heat  from  all  other 
assignable  sources.    The  portion  available  for  lique- 
•  inn-,  in  -pile  of  the  restraining  influence 
of  pressure,  and  over  and  above  the  part  carried  away 
by  conduction  and  liquid  extrusion,  and  the  part  con- 
sumed in  recombination  and  reorganization,  is  believed 

iave  been  relatively  small  and  to  have  been  sufficient 
only  to  cause  the  solution  of  a  very  small  part  of  the 
whole  mass.  This  part,  of  course,  was  that  which  was 
most  soluble  under  the  existing  conditions.  The  selec- 
tion  was  much  affected  l>\  the  particular  contacts  that 
happened  to  be  available  in  each  particular  spot.  The 

are  of  the  contacts  was  obviously  a  vital  mat 

principles  of  eutectics  should  have  found,  in  the 
intimate  mixture  of  the  accessional  material  and  in  the 
slowly  changing  conditions  of  the  interior,  a  supreme 
held  of  action. 

The  heat  arising  from  the  sparse  content  of  ra 
particles  was  limited  and  was  generated  gradually.     It 
was  also  undergoing  steady  removal.    The  radioact 
molecules  themselves  had  high  specific  gravities,  but 
each  must  have  heated  by  its  projectiles  some  billions 
of  adjacent    molecules,  so  that   the  average  specific 
gravity  of  the  melt  or  the  solution  that  resulted  would 

-T  little  from  the  common  average  and  would  respond 

tresses  and  strains  imposed  on  the  common  mass  in 

about  the  normal  way,  save  that  the  higher  temperature 
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which  the  radioactivity  would  continue  to  generate 
would  favor  buoyancy.  Even  in  tin  little  viscous  mass 
generated,  the  part  close  about  the  heating  p;i nick- 
should  gain  a  superior  temperature  and  so  rise  to  tin 
top  and  be  brought  to  bear  where  it  could  do  most  to 
bore  its  way  upward. 

One  of  the  first  effects  of  rising  temperature  on  tin- 
heterogeneous  accessional  mass  would  be  the  freeing 
of  the  atmospheric  and  hydrospheric  elements  that  ha<l 
been  entrapped  with  the  accessions,  or  had  united  with 
them.  These  volatile  elements  should  enter  the  globules 
of  liquid  rock  as  fast  as  they  were  formed,  should  lower 
their  specific  gravities,  and  should  increase  their  tendency 
to  ascend.  The  same  may  be  said  of  other  gaseous 
and  aqueous  matter  that  had  previously  entered  into 
combination  with  the  planetesimals  and  had  b«n 
tained  and  buried  with  them. 

It  appears  then  that  the  volatile  constituents,  the 
more  soluble  or  fusible  elements  and  the  self-heating 
particles,  should  have  formed  the  earliest  lavas.  These 
should  have  carried  to  the  surface  not  only  a  portion  of 
the  interior  heat,  but  a  portion  of  the  heat  generators. 
The  succeeding  liquefactions  should  have  involved 
the  next  most  soluble  or  fusible  constituents  and  should 
similarly  have  carried  out  a  part  of  the  residue  of  self 
heating  matter.  And  so  the  selective  liquefying  action 
and  the  progressive  removal  of  the  radioactive  element 
should  have  proceeded  in  mutual  co-operation  toward 
a  predetermined  end. 

SELECTIVE  SOLIDIFICATION 

On  the  other  hand,  tin  residue  should  have  increased 
in  average  refractoriness  by  this  selective  action  and  by 
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ttu-  recombinations  that  had  been  induced  in  the  interest 

ity.     At  tlu-  >.n:  i  hi-  hxdmstatii  pressure 

at  any  given  p»  .int  in  the  depths  was  undergoing  iiu  rease 

only  by  the  continued  accessions  to  the  surface, 

lull  l»y  the  removal  nl  li<jue!ted  material  from  the  gi 

Imri/on  to  a  superior  nnr.  perhaps  the  surface,  where 

t  was  also  brought  to  bear. 

..Mitini,  increments,  thr  compressibility 

was  <jui-  veness  under  the  general 

law  that  compressibility  <ln  liiu-s  with  compression.     In 
addition  to  thk  tlu  ninutnry  residue  was  probably  less 
-iMi-     than     the     pn-viniis     mixed    mass.     I>r. 
•ilton  calls  attention  to  the  further  >i^nit"uant 
that  the  potential  energy  ><  t  free  as  the  ci-ntrr  i>  ap- 
proached  constantly   de<  lines.    These  several  sources 
the  effe<ti veness  of  compressibility  lessened 
the   heat   developed    from   that   source   at   any   given 
it  by  further  >uriace  weighting.    If  the  curve  of 
ity  is  asymptotic,  as  is  probable,  the  incre- 
ment of  heat  in  the  deeper  interior  would  tend  to  become 
negligible;    it  mi^ht  even  be  changed  to  a  decrement. 
for  condurtion  mi^ht  be  able  first  to  equal  and  then  to 
>urpa-s   it. 

The  >< -let -tive  process,  by  the  removal  of  the  silicates 
in  larger  proportion  than  the  metals  and  metallic  alloys, 
probabl  d  to  concentrate  the  latter  toward  the 

ter  and  to  make  them  ultimately  a  large  part  of  the 
residuum.  By  this,  the  ioiuhu  tivity  would  be  increased 
and  be  able  the  sooner  to  overmatch  the  small  increment 
of  heat  arising  from  the  vanishing  effectiveness  of 

re  seem,  therefore,  to  be  excellent  grounds  for 
believing  that   the  selective  separation  of  the  inner 
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substance  of  the  earth  into  a  liquid  tscenaive  portion 
and  a  solid  residuum  growing  more  and  more  rigid  was  a 
definitely  declining  process  and  that  ultimately  a  nearly 
static  highly  rigid  state  was  reached. 

Precedence  has  been  given  to  selective  liquefaction  and 
the  effective  removal  surfaceward  of  the  most  solvent 
or  fusible  elements  in  the  originally  mixed  aggregate. 
It  was  noted  that  a  certain  portion  of  the  heat  developed 
should  have  promoted  endothermic  reactions  and  should 
thus  have  passed  into  structural  functions  and  dis- 
appeared as  heat.  It  remains  to  observe  more  broadly 
that  the  changes  in  heat,  in  pressure,  in  stresses  and 
strains,  together  with  the  selective  removals,  should 
have  been  highly  favorable  to  progressive  recombinations 
and  recrystallizations.  Under  the  influence  of  periodic 
stress-differences  superposed  on  graded  static  pressures, 
and  under  the  stimulus  of  rising  heat,  new  combinations 
and  new  crystallizations  of  the  solid  residue  should  have 
followed  one  another  until  the  best  accommodation  to 
the  existing  conditions  at  each  horizon  was  reached. 

The  inner  reorganization  of  the  juvenile  earth  is,  tttere- 
fore,  pictured  as  a  process  that  a/ected  pervasively  the 
whole  interior  of  the  earth,  preserving  e/ectively  the  solid 
state  of  the  main  mass  and  progressively  increasing  its 
average  rigidity,  while,  at  the  same  lime,  it  set  free  and 
forced  toward  the  surface,  stage  by  stage,  the  lighter  and  more 
mobile  material. 

It  was  previously  noted  that  the  inelastic  and  mag- 
netic material  had  probably  been  somewhat  concentrated 
in  the  heart  of  the  earth,  but  only  very  partially  so. 
The  processes  just  described  should  have  pushed  the 
concentration  to  much  greater  lengths  by  the  removal  of 
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tlu-  lighter  elements,  so  far  as  soluble  under  the  condi- 
tions developed,  and  by  differential  separation  in  the 
liquid  state,  so  far  as  that  obtained.  No  complete 
nti.it i..n  is  postulated  even  as  the  ultimate  result. 
The  mixed  states  of  meteorites,  our  best  guide  in  the 
matter,  do  not  encourage  the  notion  of  complete  segre- 
gation. 

LIQUEFACTIVE  CONTROL  OF  TEMPERATURE 

If  the  preceding  sketch  of  inner  reorganize  imi  N  in  the 
line  of  truth,  the  interior  heat  >houl<i  lave  risen 

tn  the  great  height-  that  have  often  been  assigned  it, 
for  the  heat  was  progressively  consumed  or  carried 
away.  The  process  was  long,  for  the  growth  was 
gradual ;  much  of  the  material  came  to  the  surface, 
again  underwent  burial,  reheating,  and  reorganization; 
again  came  to  tin  urface,  and  so  on;  the  heat  removal 
was  proportionate.  The  thermal  curve  of  the  ii 
should  have  been  determined  at  all  stages  automatically 
l>y  the  contesting  agencies,  and  should  have  tx< 

with  the  curve  of  selective  solubility  for  that 
stage.  A  completely  liquid  state — much  less  a  central 
gaseous  state  •  M  to  be  incompatible  with  the 

mechanism  that  presided  nver  the  building  nl  the  earth. 
seem  to  be  equally  inconsistent  with  the  testi- 
mony of  seismic  waves  and  with  the  tidal  responses 
to  the  moon  and  the  sun.  The  preceding  sketch 
harmonizes  with  thi>  testimony  in  assigning  to  the  main 
body  of  the  earth,  if  not  to  its  whole  interior  mass,  an 
elastic  rigid  nature. 

The  mm  t  ion  of  igneous  effusions  in  the  economy  of 
the  earth  may  be  likened  to  the  function  of  perspiration 
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in  the  economy  of  animals,  a  means  of  carrying  forth  to 
tin-  surface  and  dis<  har^in^  the  excess  of  heat  and  of 
tluids  arising  from  the  inner  activities  of  the  organism. 
The  mutations  of  the  inner  earth  may  be  summari/ed 
as  a  single  prolonged  process  by  which  the  more  fluent. 
solvent,  and  lighter  material  of  the  earth-body  was 
concentrated  toward  the  surface,  while  the  more 
immobile,  refractory,  and  heavier  matter  was  concen- 
trated toward  the  center.  The  result  may  be  \  >ict  in  ed  as 
a  central  core  dominated  by  metallic  alloys  and  a  thick 
enveloping  sphere  dominated  by  silicates.  The  who!- 
regarded  as  essentially  crystalline,  the  crystallization  in 
the  depths  being  controlled  by  pressure  in  the  intci 
of  spatial  economy.  In  the  movement  tracts  parallel 
recrystallization  prevailed  and  a  schistose  structure 
followed.  The  arrangement  of  atoms  and  molecules 
in  the  heart  of  the  earth  was  probably  controlled  in  tin- 
main  in  the  interest  of  the  internal  fixation  of  energy 
and  was  predominantly  endothermic.  In  contrast  to  this , 
the  matter  that  rose  to  the  surface  promoted  the  dis- 
persion of  energy.  It  is  probable  that  the  concentration 
of  the  metallic  elements  toward  the  center  contributed  to 
increasing  complexity  in  the  alloys  of  the  earth's  core. 
The  interpretation  of  the  deep-seated  deform ative 
movements  and  of  the  transmission  of  seismic  waves 
through  the  central  region  should  probably  be  guided  by 
the  characteristics  of  alloys  rather  than  of  silicates. 
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r  faces  between  earth,  air.  and  water 

are  the  sites  of  the  most  «li-*  geologic  activities  of 

tin-  prcM-nt  day.  and  a-  far  back  as  a  good  record  goes 

c  contact  zones  have  been  the  seats  of  the  most 

'..i  red  denudations  and  depo^i-  !       y  have  \> 

almost  the  sole  habitats  of  biological  and  psycholo^i 

it\        I  In-  initiation  of  terrestrial  liiV  and  the  dawn 
of  i  1  mentality  within  these  horizons  were  tin- 

last  radical  in   the  genesis  of  the  earth.    As 

sequences  of  the  nebulous  stages,  and  of  the  long  chain 
of  organizing  processes  we  have  tried  to  sketch,  these 
>upreme  evolutions  take  on  the  aspect  not  only  of  extr.. 
dinar)  phy>u-o-i  hemical  >ynthr>es,  but  of  >yn theses  with 
ps>i  ivities    i  .ndanu-ntal    nature   has  not 

been  fully  compassed  by  determinate  science.    To 
any  who  may  prefer  to  regard  the  vital  and  mental 
ments  a>  >U|xTnatural  addit  the  pliy>iro-i-hemical 

tin-   i-tunbinatiiniN   mu>t    -till   >eem    remarkable 

theses,  for  the  relationships  are  extremely  dose 
and  the  interdependendes  singularly  complete.  I'rom 
the  naturali>tii  point  of  view,  thex.-  elimaett  I  !op- 

ment.s  emlMKly  three  ^reat  steps:  (i)  an  ascent  in  the 
of  ph y>ii«»-i-hemical  combination  until  it 
attained  the  organic  type,  (2)  an  evolution  of  physio- 
logical processes  and  of  organs  subservient  to  these, 
and  (3)  the  initiation  and  the  varied  deployment  of 


242  I  UK  ORIGIN  01     Mil    EARTH 

psychological  phenomena.     These  seem  l<>  have-  followed 
one  anotluT  in  ascen>ive  order.     Their  close  sequcn. 
in  a  common  habitat,  seem  to  imply  that  each  earlier 
step  was  prerequisite  to  each  later  advance,  and  that  tin 
three  steps  form  a  >in^lc  jjcnetic  >erie>;   hut  it  i>  perl: 
premature  to  affirm  this,  for  the  connecting  links,  as  y< -t. 
lack  complete  demonstration. 

QUASI-ORGANIC   SYNTHESES 

The-  first  step  embraces  a  long  chain  of  complex 
physico-chemical  combinations  that  do  not  appear  to 
have  been  completed  either  above  or  below  these  contac  t 
surfaces,  or  in  the  heart  of  the  earth,  or  in  any  known 
region,  previous  to  the  earth's  adolescent  organization, 
but  of  course  it  cannot  be  said  that  they  were  previously 
absent  everywhere. 

The  type  of  synthesis  was  notable  in  being  selective 
rather  than  general.  The  outer  surface  of  the  earth- 
body  is  not  very  notably  synthetic,  on  the  whole,  either 
chemically  or  physically.  Technically,  it  is  the  zone 
of  &<z/amorphism,  the  zone  of  downward  cham 
Igneous  effusions  from  within  the  earth  commonly 
pass  by  weathering  into  simpler  combinations.  The 
silicates  that  form  by  far  the  larger  part  of  the  outer 
terranes  of  the  earth-body  are  rather  notably  prone  to 
disintegration  in  contact  with  air  and  water  and  to  take 
on  less  complex  forms.  Residual  earths,  in  particular, 
are  rather  marked  simplifications  of  the  silicate  com- 
pounds from  which  they  were  derived. 

Yet,  in  marked  contrast  to  this  katamorphic  tend- 
ency, there  arose  a  special  series  of  synthetic  actions 
that  led  the  way  to  types  of  organization  so  far  transcend- 
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nit  as  to  require  recognition  as  <li  -iin.  t  phases  of  earth 
genesis,  indeed,  as  its  most  remarkable  phases.    The 
scries  emerged  very  gradually,  it  would  appear,  from 

:<•  minn.  mt  had  previously  pre- 

vailed. Tlu-  action  centered  about  combinations  of 
carbon  with  the  omstitii. -nts  of  the  atmosphere  and 
of  the  hydrosphere  to  which  were  added  special 
limited  selections  from  the  rock  constituents.  Solar 
ami  other  energies  entered  into  the  synthesis  and 
were  perha]  -t  vital  element.  The  products  are 

\eniently  called  carbon  compounds.  It  i-  the 
accepted  working  hypothesis  of  most  students  of  the 
subject  that  there  was  a  continuous  series  of  carbon 
leading  up  from  such  as  had  long  been  formed 
under  relesti.il  conditions  and  in  the  parent  nebula  and 
later  in  the  interior  of  the  earth,  and  in  the  air.  and  in  the 
waters,  until,  at  length,  they  reached  those  extremely 

.plex   forms   that    constitute    the   bodies  of   living 

;igs.     Hypothetical!)-,  the  whole  wide  gap  betu 
the  simpler  carbon  compounds  and  the  mo>t  intricate 
organic  compounds  was  thus  bridged.     But,  as  yet,  both 
observation  and  laboratory  research  fall  short  of  fully 

-tan tiatin.u   this,   though  encouraging  advances  in 
building  up  such  a  connecting  >eries  are  being  o 
tinually  made. 

vever  pronounced,  therefore,  our  theoretical  pre- 
possessions may  be,  and  however  confidently  we  may 
rest  on  the  doctrine  of  continuity  and  derivation,  it  must 
be  frankly  confessed  that  the  complete  graded  st 
of  postulated  synthetic  com  pour  it  her  observable 

in  nature,  nor,  as  yet.  producible  by  art.  Neither  the 
carbon  compounds  that  appear  to  have  arisen  in  the 
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longpa>t  without  the  concurrent  mi  life,  nor  those  that  can 
now  be  induced  by  manipulative  >kill.  entirely  fulfil  evo- 
lutionary expectations.  And  yet  the  series  that  partially 
bridges  the  gap  is  great  enough  and  significant  enough 
to  require  pointed  recognition  and  sharp  emphasis  as  one 
of  the  most  suggestive  factors  in  the  earth's  evolution. 
The  reason  for  the  present  imperfection  of  this 
theoretical  series  lies,  perhaps,  in  the  destructive 
efficiency  of  the  lower  orders  of  life.  Ever  since  the 
minute  forms  of  life  filled  the  earth  with  their  multitude, 
the  slow  graded  steps  by  which  alone  the  long  chain  of 
syntheses  could  be  accomplished  have  been  subject  to 
formidable  predacious  attacks.  The  ubiquity,  tin- 
voraciousness,  and  the  digestive  efficiency  of  the  multi- 
tude of  minute  pioneers  in  the  living  kingdom  may  well 
be  supposed  not  only  to  have  destroyed  the  relics  of  the 
primitive  series  but  to  have  broken  down  all  subsequent 
attempts  before  the  long  ascensive  chain  could  be  com- 
pleted. The  universality,  the  persistency,  and  tin- 
effectiveness  of  the  attacks  of  bacteria  and  their  kin 
upon  highly  complex  carbon  compounds,  while  yet  in 
their  formative  states,  seem  adequate  to  inhibit  entirely 
a  process  that  might  have  been  successful  before  their 
advent.  There  is  fossil  evidence  of  the  presence  and  of 
the  destructive  work  of  bacteria  far  back  in  the  geologic 
ages.  There  is  inferential  evidence  of  their  presence  and 
destructive  work  as  far  back  as  the  strati^raphic  record 
of  life  reaches. 

APPEARANCE  OF   LIVING  ORGANISMS 

Nothing  in  the  whole  genetic  history  of  the  earth  was 
more  distinctive   than   the  first  appearance  of  living 
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iMns.      Nothing     is     in«.r«      rein.  irk.  iblr     th.m     i!.« 

with  whu  h  these  organisms  have  since  o< 

:he  land,  the  !>•••  the 

surface  of  tin-  waters,  ami  the  bottoms  of  the  waters. 

-..i:id«T    indeed   somewhat    from    the    immediate 

faces,  but  none  tin-  It  ->  they  adhere  rather 

".fully  in  th-  -.  itinity.      If  scrutinised 

more  closely,  it  is  seen  that  the  critical  conditions  for  the 

living  world  are  best  satisfied  when  the  three  factors, 

cart  nd  water,  unite  their  good  offices  with  those 

radiant  energy,  which  appears  to  be  quite  as  vital  a 

he   combination   as   either   of   the   material 

:ors.    We  are  perhaps  inclined   to  regard   radiant 

rgy  as  even  more  indispensable  than  the  others,  but 

lore  inhihitive  of  life  than  certain  intensities 

.nt   energy.     It  is  a  reman  >mbination, 

itioned  by  singularly  narrow  limitations. 

n  our  personal  and  racial  point  of  view,  the 
tran>ceiident  nature  of  the  initiation  of  life  needs  no 
insistence.  Our  personal  and  racial  point  of  view  may 
not  be  without  it-  element  of  partiality,  but,  i- 

ctly  as  a  problem  of  research,  the  intro- 
duction of  processes  so  different  from  those  of  the 
cosmogonic  ages  as  are  cell  con>triu  ti«.n.  co-operative 
phy>iolo^ical  action,  adaptat  <N.  the  propagation 

of  kind,  and  the  i>erpctuation  of  species,  constitutes 
perhaps  the  most  puzzling  aspect  of  terrestrial  genesis, 
unle»  it  be  the  one  that  is  to  follow.  There  i>.  in  these 
processes,  a  subtle  f.utor  not  distinctly  betrayed  in  the 
earlier  modes  of  evolution,  though  it  may  have  1> 
there  It  is  hard  to  find  any  distinct  trace  of  an  organ- 
•rrelatinj:.  dircv  ;  -.<*,  as  such,  in  even  the 
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most  intricate  of  tin-  inorganic-  syntheses,  and  vet  there 
arc-  subtle  intimations  of  something  of  the  kind  in  tin- 
complexity  of  even  inorganic  combinations. 

It  is  not  clear  from  any  positive  knowledge-  at  pn 
available  that  there  was  present  in  tin  initial  stages  of 
life-evolution  any  sentient  or  psychological  clement, 
and  yet  cell  construction,  with  its  apparent  adaptation 
to  ends  not  necessarily  confined  to  its  own  immediate 
economy,  co-operative  physiological  action,  with  it- 
relations  to  the  life  of  members  not  immediately  involved 
in  the  action,  provision  for  the  propagation  of  kind,  with 
transmitted  powers  of  reproduction,  and  precaution> 
for  the  perpetuation  of  the  species,  squint  sharply  in  the 
direction  of  psychological  endowments. 

ADVENT  OF   THE  PSYCHOLOGICAL 

However  occultly  the  psychological  element  may  have 
crept  into  the  advancing  life-series,  its  distinct  appear- 
ance marked  the  climax  of  the  earth's  evolution.  It  is 
the  last  factor  in  the  earth's  genesis,  and  the  most 
enigmatical.  Considered  with  respect  to  its  own 
inherent  qualities,  the  psychological  factor  seems  to 
stand  apart  from  the  physiological  farther  even  than  does 
the  physiological  from  the  inorganic.  The  bridging  of 
the  gap  is  less  explicable,  scientifically  and  philo- 
sophically. The  distinctive  qualities  of  the  psycho- 
logical world  are  not  commonly  recognized  in  scientific 
interpretations  of  the  physiological  or  of  the  inorganic 
worlds;  but  the  gradation  from  the  seemingly  insentient 
and  merely  physiological,  as  embodied  in  the  lowest 
orders  of  living  beings,  to  the  earliest  types  of  sen- 
tient life,  and  thence  on  to  the  highest  manifestations  in 
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the  thinking  world,  is  so  intim.itr  as  to  hind  the  whole 
into  one  inextriiahlc  problem.  If  tin-  (ju.ti  the 

psychological  world  were  potential  in  the  fai  ton  that 
red  into  tin-  earlier  stages  of  the  earth's  genesis, 
a  re\M'-n  oi  our  loiueption  ,.t  those  facton  is  logically 
required.  Fundamentally,  the  antecedents  can  scarcely 
be  less  comprehensive  than  the  consequents.  If  the 
material  begets  the  spiritual,  the  material  can  hardly  be 
altogether  material  If  the  mechanistic  indulges  in 
Itsean  h.  it  i-annot  well  IK-  altogether  mei  hani 

Our  province,  howt  .  rather  with  the  geologic 

•••nded   the  origin  of  rial  life 

and  of  psychic  ai  lion,  than  with  their  ultimate  nature 
and  their  fundamental  relati 

EARLY   BIOCENETIC  CONDITIONS 

Under  the  planetesimal  hypothesis,  the  progn 
work  of  uniting  solar  and  other  energies  with  carbon, 
hydrogen,  oxygen,  nitrogen,  sulphur,  phosphorus,  potash, 
and  other  element-,  into  a  synthetic  chain  which  led  Up 
tol»i  organism...  found  suitable  conditions 

at  an  early  stage  of  the  earth  ;le  history     As 

already  observed,  the  ascending  synthetic  scries  was 
free  from  the  adverse  effects  of  its  own  development, 
free  from  predaceous  attacks  by  minute  organisms,  now 
a  formidable  obst  volution.  > 

thetic  combinations  were  free  to  go  to  the  utmost 
lengths  to  which  inherent  organizing  forces  impelled, 
except  as  restrained  hy  inorganic  limitations.  The 
essential  conditions  of  heat,  light,  air,  water,  and 
r.irth  surface  are  not  pictured  as  then  radically 
di  tie  rent  from  those  of  the  later  geologic  ages  and 
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of  the  promt,  though  not  altogether  identical  with 
them. 

The  sun  was  indeed  younger  in  those  a^i-s  and.  under 
current  views  of  stellar  evolution,  more  intensely  radiant. 
but  the  nebulous  material  that  intervened  between  the 
sun  and  the  young  earth  should  have  cut  off  some 
part  of  the  solar  radiance.  However,  there  should  have 
been  compensation  in  the  heat  and  light  generated  by 
the  plunge  of  planetesimals  into  the  upper  atmosphere. 
The  ratio  of  such  compensation  is  uncertain;  it  i> 
merely  evident  that  the  planetesimal  interferences  and 
the  planetesimal  compensations  followed  the  same  law, 
and  that,  as  both  died  gradually  away,  the  penetration 
of  the  radiance  of  the  sun  grew  toward  its  full  unob- 
structed power.  If  the  joint  effects  of  these  in  the 
earliest  ages  of  growth  were  prohibitory,  they  gradually 
gave  place  to  those  that  were  permissory. 

The  inherent  influences  of  the  atmosphere  of  the 
early  stages  of  growth  were  doubtless  more  comparable 
to  those  of  Tibetan  and  Titicacan  regions  today  than  to 
those  of  tropical  lowlands.  The  atmosphere  was  rela- 
tively thin,  its  pressure  low,  its  content  of  moisture 
limited.  The  normal  effects  of  these  properties  should, 
apparently,  have  tended  toward  aridity  and  low  tempera- 
ture. The  atmosphere  itself,  however,  should  have  been 
ultra-Krakatoan  in  its  burden  of  planetesimal  dust,  and 
the  young  earth  was  thus  blanketed  against  intensities 
of  radiance  from  without  and  inequalities  of  radiation 
from  within.  But  no  amelioration  of  variations  could 
probably  offset  the  forces  of  atmospheric  circulation; 
the  descending  currents  were  almost  inevitably  dry, 
and  the  ascending  currents  precipitant,  after  sufficient 
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•i>lure  h.nl  U-en  .u  quired,    bet.. re  that,  tin-  initiation 

.\  a>  inhibited.     We  assume,  therefore,  that  1 
genesis  was  i  ••nditi..ned  by  greater  or  lesser  variations  of 
m..Uture  ami  dryness,  and  hence  of  freshness  and  salinity 

vaters,  and  that  these  were  added  to  the  variations  of 
railiant  energy.  MiM  \  .trial  io  us  were  doubtless  helpful, 
violent  variations  destriu  live. 

surface  conditions  in  the  growing  stages  should 
have  been  rather  those  .if  eolian  deposition  and  wind 
driftage  than  those  of  aqueous  deposition  and  stream 
erosion,  but  the  two  processes  must  have  joined  their 
effects  so  soon  as  water  action  became  an  effect  i\v 
agen  >  I  he  billowy  i -oniivjurution  of  a  dune  surface 
was  prol)ahly  more  c  harai  trri>tir  throughout  the  Stages 
of  active  growth  than  the  gullies  ami  trmrru-s  of  a  highly 
humid  region;  probably  tlu-  fornu-r  chictly  preponder- 
ate! in  tlu-  areas  of  descending  air.  while  the  latter  took 
precedence  in  the  tracts  of  ascending  air  and  gained  in 
general  dominance  as  time  went  on.  Dunes  formed  of 
planetesimal  dust  should,  however,  have  been  far  less 
inhospitable  to  the  dawning  life  than  modern  dunes  of 
coarse,  well  rolled,  siliceous  sand. 

g,  billowy,  porous  surface  of  the  juvenile 
earth  very  definitely  conditioned  the  early  stages  of  the 
easing   hydrosphere.     The   first    surplus  of  waters 
lensed  from  the  growing  atmosphere  would  obvio 
have  been  absorbed  in  the  deep  porous  mantle  of  plane 

mal  dust  and  planetesimal  residuals  that  had  been 
gathered  to  the  earth;  only  later,  and  very  gradually. 
would  the  increasing  waters  emerge  at  tin  l>ottonis  of 
the  basins;  only  mm  h  later  would  great  water-bodies 
appear.  If  our  pic  ture  of  the  surface  configurations  is 
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true,  the  basins  in  the  billowy  eolian  surface  were  almost 
without  number,   and   the   fii>t    -urtare  aspect  of  tin- 
hydrosphere  was  that  of  a  countless  multitude  of  pools 
and  lakelets.     From  these,  in  time,  grew  lakes  and  Be 
and  at  length  the  oceans. 

The  organizing  processes  that  led  up  to  the  biologic 
and  psychic  kingdoms  may  quite  probably  have  entered 
upon  their  long  career  as  soon  as  the  hydrosphere  began 
to  emerge  at  the  surface,  for,  with  the  low  pressure 
of  the  early  atmosphere,  the  temperature  of  the  water 
could  scarcely  have  been  prohibitory.  While  we  may 
not  fix,  with  any  confidence,  the  time  when  the  hydro- 
sphere would  reach  this  stage,  we  may  make  this  stage 
a  fair  index  of  the  time  when  general  physical  conditions 
were  probably  hospitable  to  life.  Starting  at  this  stage 
the  organizing  process  may  have  run  parallel  with  the 
remaining  large  part  of  the  earth's  growth.  In  view  of 
this,  the  advanced  state  of  deployment  and  differentia- 
tion which  life  presented  at  the  time  its  first  good  record 
was  made  in  the  Cambrian  Period  is  shorn  of  the  sur- 
prising features  it  bore  when  regarded  from  the  older 
point  of  view,  for  under  that  view  the  initiation  of  life 
was  necessarily  delayed  until  after  the  whole  gaseous 
spheroid  had  condensed  into  the  molten  globe  and  tin 
molten  globe  had  cooled  to  a  suitable  temperature.1 

INITIAL  BIOLOGIC  HABITAT 

It  has  been  the  habit  of  geologists  and  biologists 
alike  to  think  of  the  ocean  as  the  probable  habitat  of  the 
earliest  forms  of  life,  and  not  unnaturally  so;  the  larger 
part  of  the  imperfect  record  of  early  life  was  preserved 
in  marine  deposits.2  It  was  further  noted  that  there 


.  XM/MIMN    IN  ••  I  \<    I    !H»KI/«»*. 


were  evolutions  of  marine  lorms  into  terrestrial  forms; 
there  \\  of  land  forms 

IS,  hut  these  were  racily  interpreted  as  later 
reactions.  An  oceanic  genesis  of  life  was  favored  by  the 
inherited  theory  of  the  preponderance,  if  not  the  uni- 

t  he  primitive  ocean.    The  dominance  of  the 

primitive  oi-ran  was.  however,  essentially  a  cosmogonu 
<  let  I  ui  tion.  The  assumption  of  even  the  existence  of  a 
vast  oo  A  elope,  at  the  time  life  appeared  on  the 

earth,  has,  indeed,  little  other  basis  than  i>  derived 
ol   the  earth's  origin  oceanic 

K  of  the  origin  «»f  life  is  therefore,  at  bottom.  little 
more  than  a  cosmogonic  assumption.  It  i>.  to  \><-  Mire. 
largely  a  subconscious  cosmogonic  assumption,  hut  the 
that  it  is  so  largely  subconscious  does  not  add  a 
whit  to  its  cogency.  The  assumption  that  anything 
which  can  properly  be  called  an  ocean  existed  at  t  In- 
time  life  was  initiated  is  necessarily  challenged  in  any 
critical  inquiry  that  scrutini/es  the  ground  of  each  post  u 
late  ous  or  subconscious.  The  initiation  of  life 

require*  I.  indeed,  at  least  the  beginnings  of  a  hydro- 
-I  there,  but  the  presence  of  an  ocean  needs  either  logical 
or  evidential  Mipport.     It  may.  of  course,  be  that  tin- 
first  favorable  conditions  for  life  were  not  attendee!  \>\ 
the  generation  of  the  HIM  forms  of  life,  and  that  tin- 
initiation  of  life  was  delayed  until  an  ocean  was  e 
hut  if  the  generation  of  life  was  a  naturalistic  proce- 
i-  tin  -on  -tii  ally  obligatory  on  the  advocate  of  dela 
show  why  the  process  should  not  have  proceeded  when 
the  essential  conditions  were  fulfilled.     Chemico  physical 
tions   usually   take  place  when   the  elements  are 
brought  together  under  >uital»le  conditions.     The  record 
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also  has  it-  >ns.       I  he  time  required  for  so 

evolutionary  work  as  is  implied  by  tin*  wide  deployment 
of  life  in  Cambrian  times  is  such  as  to  tax  even  tin-  high- 
est probabilities  of  the  available  lapse  of  time.  The  c\i 
gencies  of  time  render  the  introduction  of  life  as  early 
as  the  requisite  conditions  permitted,  extremely  prob- 
able. There  appear  to  be  no  inherent  grounds  f«r 
hypothetically  delaying  the  initiation  of  life  till  the 
o,  vans  grew  to  be  vast  and  saline.3 

In  the  growth  of  the  juvenile  earth,  as  already  noted, 
the  first  waters  should  have  condensed  from  water-vapor 
held  in  the  primitive  atmosphere,  the  infantile  hydro- 
sphere growing  very  gradually  from  the  infantile 
atmosphere.  Obviously  the  first  waters  would  have 
been  absorbed  into  the  deep  porous  layer  enveloping  the 
earth-body  and  would  have  crept  up  only  gradually  to  the 
bottoms  of  the  hollows  that  accidented  the  surface, 
and  so,  as  already  noted,  the  first  appearance  of  the 
hydrosphere  at  the  surface  should  have  taken  the  form 
of  innumerable  pools  or  lakelets,  more  or  less  pro- 
miscuously scattered  over  the  surface  of  the  juvenile 
earth.  The  question  of  the  probable  bio-genetic 
habitat,  under  the  planetesimal  view,  seems  thus  nar- 
rowed to  an  alternative  between  the  pools  and  the  well- 
watered  lands,  or  else  the  shorelines  between  these. 

What  appear  to  have  been  the  special  demands  of  the 
case? 

i.  An  adequate  supply  of  radiant  energy  and  an  ade- 
quate protection  against  the  destructive  e/ects  of  radiant 
energy. — These  could  probably  be  furnished  by  selected 
depths  in  either  the  surface  soils  of  the  lands  or  in  the 
open  waters  of  the  pools  and  lakelets. 
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j.  /!«  adequate  supply  of  carbon,  oxygen,   nitrogen, 

>on  dioxide,  watt>  <>ns  of  these,  together 

with  lesser  quantities  of  phosphorous,  sulphur,  potash,  and 

other  alkalies  ami  alkaline  earths,   and  various  earthy 

substances. — AH  these  could  best  be  supplied   by  the 

•tless  be  found  in  the  w.. 

he  pools  and  the  lakele:  h  were  of  course 

then   purely   inorgai. 

!/i  adequate  mechanism  for  holding,  protecting,  ami 
fTT/«£  the  products  of  each  synthetic  step  in  such  a  way 
to  favor  the  >  ihetic  step.—\  continuous  si 

i   well-conserved   inheritances  seems  a  critical 
i  he  long  succession  of  steps  involved  in 
the   complete   evolution.     The   pore*,   of   the  soil   seem 
better  suited  to  this  than  the  free  waters.     The  effects 
•pen  agitated  water  should  have  been  diffusive  and 
<lisj>ersive.    The  pores  of  the  >oil  probably  only  fur- 
nished a  first  aid;    a  more  specific  mode  of  indosure. 
pr«  and  promotion  perhaps  grew  out  of  this,  as 

noted  below. 

4.  A  circulatory  mechanism  to  bring  suitable  supplies 
for  the  new  combinations,  to  concentrate  these  supplies 
in  proper  measure,  and  to  carry  away  the  unused  ami 
haps  deleterious  portion.— These  are  fumtions  which 
must  be  subserved  in  some  way  by  the  median i>m  of 
every  living  organism.  uh  organisms  had  once 

conn  into  being,  they,  of  themselves,  developed  ana- 
tomi,  .il  devices  that  fulfilled  these  essential  require- 
ments, hut  in  the  long  generative  process  preceding  the 
acquisition  of  MK  h  powers,  some  crude  >uh>titute  for 

hanisni.  iiu  Mentally  furnished  by  the  i 
ganic  environment,  was  probably  prerequisite  to  the 
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of  tin-  a>ccnsivc  chain.     Such  a  mechanism. 
crudely   serviceable   for   the   time.    wa>   perhaps   found 
in  the  normal  circulation  that  prevails  within  ><>iN  >uit 
ably  situated. 

A  multitude  of  special  situations  were  presented,  hut 
perhaps  those  that  best  fulfilled  the  requirement!  wen- 
found  in  the  soils  of  the  shore  tracts  that  girt  the  pools 
and  lakelets,  or  in  the  soils  of  the  forelands  that  lay 
between  these  and  the  uplands.1*  (We  use  the  term  soil  of 
course  in  its  inorganic  sense.)  In  these  foreland  and 
shoreland  soils  there  should  have  been  an  ample  supply 
of  water  while,  at  the  same  time,  the  fluctuations  of  the 
water-level  should  have  been  limited  wherever  the  con- 
trolling water-level  of  the  adjacent  pooh  or  lakelets 
was  regulated  by  adequate  outlets.  The  drainage 
from  the  uplands,  passing  slowly  beneath  the  forelands 
and  shorelands,  should  have  given  an  adequate  and 
perennial  supply  of  all  the  solutions  requisite  for  tin- 
successive  synthetic  combinations;  while  the  sloping 
surfaces  should  have  given  adequate  super-drainage 
and  the  requisite  aeration.  Capillary  action  should 
have  drawn  graduated  supplies  of  water,  carrying  solu- 
tions, emulsions,  and  suspensions  of  various  con- 
centrations, up  to  heights  in  the  soil  which  varied  with 
conditions,  while  the  larger  pores  and  the  upper  levels 
were  filled  with  air  communicating  with  the  open 
atmosphere.  In  a  word,  there  was  a  reticulation  of 
capillary  water  reaching  up  with  diminishing  branches, 
from  the  water-level  below,  and  a  reticulation  of  air 
reaching  down,  with  attenuating  branches,  from  the 
atmosphere  above,  the  two  interlocking  in  a  most 
intricate  way.  Each  of  these  advanced  and  retreated, 
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reciprocally,  as  times  <••  ami  time*.  ..:  dryncss 

OUne  and  \\ent.  hut  the  mutual  .1.  li"!i  of  tl.' 

icd  a  graded  intermingling  of  air  and  water  that,  in 
later  atfrs.  has  been  of  the  utmost  importance  to  i 
liu,  and  was  perhaps  of  equal  important  .  to  it  •  initiation, 
hould    have  been    intermittent    water   supplies 
•i   the  clouds,  and  constant   supplies   by   capillary 
action  I'rom  below,  while  ><>il  breathing,  actuated  by  the 
pulsation*,   of   the   atmosphere,   should   have  been   an 
effective  agem >   in  promoting  a  steady  and  controlled 
evaporation  from  the  surfaces  of  the  interlocking  i 

Evaporation  above  and  capillary  supply 
below,  varied  by  pmipita:  -aid  have  promoted 

a  gentle,  but  effectual  and  perpetual,  circulation  . 
ducivc  both  to  concentrations  and  to  re-solutions,  in 
turn,  as  wetness  and  dryness  alternated.  The  analogy 
ueh  a  >oil  i  in ulation  to  the  circulatory  system  of 
plants  is  very  close,  and  the  one  may  well  have  been 
ancestor  to  the  other.  Such  a  c  ire  ulatory  system  was 
inevitable  in  the  early  soils  under  the  general  conditions 
postulated. 

Ob\  ;>en  waters,  while  not  without  tlu 

irf  ace  exchange  with  the  atmosphere,  present  nointer- 
al  e  in  ulatory  s\  .!>  that  of  tl 

5.  A  sup  piemen:  in  ism  by  wkkh  osmotic  action 

would  be  called  into  />/<j  v  icilh  increase  of  efficiency  in  Ike 
concentration  and  combination  of  the  requisite  constituents, 
while  at  the  same  time  cell-like  /  of  the  synthetic 

compounds  progressively  formed  would  keep  them  in  close 
worki  <>ns. 

While  almost  all  substances  are  susceptible  of  taking 
on  the-  colloidal  sfci:  actually  assumed  about  in 
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proportion  to  the  complexity  of  tin  i  lu -miral  «>mp«M 
lion.     In  compliance  with   this  general  rule,   the  chain 
of  ascending  carbon  compounds  that  led  up  t<>  the  m-gamY 
type  seem  to  have  been  attended  by  a  parallel  iiu  i 
in   tin-  proportion  of  colloids  to  crystalloids.     At  any 
rate,  the  colloids  are  highly  preponderant  in  tin   li 
of  living  beings.     The  fluent  forms,  the  pliancy,  and  the 
easy  assumption  of  membranous  shapes,  so  characteristic 
of  colloids,  as  notably  fitted  these  to  take  on  structures 
of  the  organic  type,  as  the  angular,  rigid  forms  of  crystal 
loids  unfitted  them  for  like  use.     The  suggestion  at 
once  follows  that  the  progressive  development  and  con- 
centration of  colloids  may  have  been  as  indispensable 
to  progress  toward  the  formation  of  organic  structures, 
as  was  complex  chemical  combination.     The  singular 
distributions  and  adjustments  of  energy  in  the  colloid 
state,  so  far  as  developed  in  the  lower  carbon  com- 
pounds, may  have  been  an  essential  aid  to  the  next 
higher  steps  in  chemical  complexity.     This  at  least  may 
serve  as  a  suggestion  of  a  possible  line  of  evolution. 

Even  in  the  inorganic  world,  certain  of  the  carbon 
compounds  are  prone  to  assume  the  colloid  state.  Ade- 
quate supplies  of  hydrocarbons  and  other  simple  carbon 
compounds  that  habitually  take  on  the  colloidal  state 
could  scarcely  have  been  wanting  in  the  juvenile  earth. 
In  addition  to  general  sources,  there  was  perhaps  a 
special  source  of  peculiar  adaptability  to  the  process 
now  under  study.  The  carbon  of  the  sun  in  passing  f r<  mi 
its  intensely  heated  state  into  the  nebulous  condition 
would  not  improbably  take,  in  part  at  least,  the  form  of 
carbides  analogous  to  those  found  in  meteorites.  These, 
in  coming  into  contact  with  air  and  moisture,  would 
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become  reactive  and  i»rm  ».ni>..n  oonpoaadi  d 

complexity.   some  «>i   whith   are   pi*  ike  on    the 

colloidal  slat.  It  i-  M..I  iinpr..l,.tl,|(-.  therefore.  that  the 
accessions  of  planctcsimals  brought  .  .ir  hides,  as  well 
as  nitrides,  chlorides,  si  1  icicles,  sulphides,  and  phosphides, 

the  growing  earth-mantle,  and  that  the  spontaneous 
rea*  i    these   supplied    the   ground-waters   with 

carbon  compounds  of  growing  complicity  and  increased 

•idality  .     These,  as  fast  as  formed,  would  be  floated 
to  the  water  surface  and  so  enter  the  capillary  • 

the  soils  and  be  susceptible  of  such  further 
combinations  as  might  await  them  th 

interlocking  reticulum  of  capillary  waters  and 
air  .the  >«>iU  needs  now  to  be  pictured  a  little 

more  closely.     In   the  layers  of  most  effeitiv 
mingling  of  air  and  water,  water  nlm-  -urround  each 
M»il  grain.     These  grow  thicker  or  thinner,  or  dry  up 

rely,  as  changes  from  humidiu  iity.  or  the 

rrse,  take  place.    The  sharper  angles  between  gra: 
tlu  >maller  pores,  and  the  narrower  passages  between  the 
larger  inter-grain  >paces  are  normally  tilled  with  capillary 
waters  likewise  subject  to  come  and  go  with  increasing 
wetness  and  dryness.    The  larger  pores  and  passage- 
ways, and  inter  grain  spaces,  are  normally  filled  with  air 
These  also  advance  or  withdraw,  grow  or  shrink,  as  t  In- 
state 01  -  and  dryness  varies.     1  i  <  whole  form> 

an  intricate  plexus  of  water  films  and  capillary  cor 
tion-  of  water.  interj>enctrated  with  air  durtx.  This 
piiture.  drawn  from  modern  soils,  may  be  transferred. 
with  >ome  increase  of  .sharpness,  to  the  SOlb  of  the 
growing  earth,  free  from  rootlets  and  minute  organisms, 
as  well  as  their  relics,  and  their  interferences.  Our 
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inten>t   renter^  mi  the  progressive  concentrations  ami 
deposits  that  would  take  place  in  tin-  p  rays  ami 

intertfranular  cavities  in  tin-  upper  ><»i!>  afl  thr  result  <>!" 
continued  capillary  supply  and  continued  evaporation 
in  filiations  win-re  leaching  was  unable  to  remove  th 
concentrates  and  deposits,  as  must  have  been  tin  case 
in  a  multitude  of  places  in  regions  prone  to  aridity.  As 
the  soil  waters  were  progressively  evaporated,  tin- 
solutions,  emulsions,  and  suspensions  borne  by  them 
were  concentrated  and,  in  part,  deposited  as  solid  films, 
threads,  or  lumps  in  which  colloids  and  crystalloids 
must  have  mingled,  much  as  they  were  mingled  in  tin- 
waters.  As  wet  and  dry  seasons  came  and  went,  then- 
must  have  been  alternations  of  deposit  and  partial 
solutions,  with  the  general  result  that,  in  some  situa- 
tions at  least,  the  plexus  of  films  grew  thicker  and  more 
membrane-like,  the  pores  and  passageways  were  more 
and  more  closed,  concentrated  solutions  and  emulsions 
were  more  and  more  liable  to  be  entrapped  and  isolated 
in  the  inter-grain  spaces,  and,  when  so  entrapped,  to 
be  completely  inclosed  by  films  formed  over  their  own 
exposed  surfaces,  thus  tending  more  and  more  to  con- 
vert the  open  reticulum  into  a  cellular  reticulum.  In 
many  a  case,  no  doubt,  the  process  went  on  until  the 
whole  mass  of  soil  was  cemented  into  a  continuous  solid 
by  the  asphaltic  residue  of  the  hydrocarbons,  and  tin- 
precipitated  salts,  or  by  mixtures  of  these;  but  before 
these  ultra-results  were  reached,  there  would  probably 
be  much  closure  of  constricted  passages  between  larger 
spaces  by  films  formed  from  the  concentrates  and  so  a 
cellular  structure  should  not  only  generally  precede 
complete  cementation,  but  should  develop  widely 
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when    tlu  ached.     In  the 

tkfa  progressive  growth  of  enwrapping  films 
passages,  soil  waters,  ap- 
proaching sat u :  .pp<d  in  *.t\itii-  l.y  films 
formed  over  their  exposed  surfaces,  constituted  the 
cell  lilling  and  were  subject  to  further 
tion  ami  i.unbinati«»n  I1  ecms  inevitable  that 
within  the  soils  of  the  land  surface  .subject  to  such 
litinns  there  should  have  grown  up.  thus  inortjani 
t  all\  and  incvitabh  .1\  thousands  and  millions, 
hut  l>illions  and  trillions  of  crude  capsules  which 
thus  came  to  serve  a  new  function  in  the  synth 

Ob\  ids  were  best  fitted  by  natu 

i  iilnis  and  meinhrai  .  Probably  the  crystalloids 
<  .  on  the  whole,  more  subject  to  re-solution  and 
removal,  giving  various  degrees  of  porosity  to  the 
residual  membranes.  Various  degrees  of  imperviousness 
and  porosity  may  therefore  be  assigned  to  the  crude 
membranes  so  form. 

Now,  as  soon  as  concentrates  of  colloids  and  crystal- 
loids were  thu>  inclosed,  cell-fashion,  in  more  or  less 
porous  membranes,  the  mechanism  for  osmotic  action 
was  provided.  When  the  wet  >ea>on  returned,  osmotic 
action  should  ensue.  The  »  within  the  inclosure 

should  be  retained  by  the  inclosing  membranous  walls, 
wh;  -o  far  as  they  passed  into  solution, 

might  traverse  these  walls  in  either  direction.  a>  t lu- 
te  of   concentration    might   require.     Thus   a    new 
agency,  peculiarly  lit  ted  for  colloidal  concentration,  as 
1  as  a  special  means  of  colloidal  retention,  should 
have    been    brought    into    action.    Conjointly,    these 
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qualities  might  apparently  contribute  very  essentially 
to  the  further  progress  of  synthesis. 

The  new  agencies  thus  instituted  would  bear  a  very 
close  analogy  to  the  function  of  cell-inclosure  and  osm< 
that  forms  the  working  mechanism  of  plant-. 

With  the  development  of  this  .quasi-cellular  structure 
and  this  initiation  of  osmotic  action  between  a  colloid 
content  within  and  the  soil-solutions  without,  the  limits 
to  which  the  premises  of  the  geologist  warrant  him  in 
going  seem  to  have  been  reached.  The  further  solution 
of  the  problem  of  synthetic  ascent  seems  to  fall  into  tin- 
fields  of  the  organic  chemist,  of  the  colloid  chemico- 
]>h ysicist,  of  the  biologist,  and  of  the  psychologist. 

It  need  only  be  further  remarked  here  that  erosions, 
transportations,  and  redepositions,  actuated  by  wind 
and  water,  working  on  surfaces  devoid  of  vegetal  pro- 
tection, should,  at  frequent  intervals,  have  displaced, 
dispersed,  and  replanted  a  part  of  the  quasi-cellular 
aggregates,  and  thus  have  seeded,  as  it  were,  a  multitude 
of  new  situations  with  new  possibilities,  favorable  and 
unfavorable  for  further  progress.  The  pools  and  tin- 
lakelets  should  have  been  thus  implanted,  so  that  if  they 
offered  conditions  favorable  for  the  further  pro^r 
of  the  synthetic  process,  the  advantage  would  have 
been  embraced. 

A  distinguishing  characteristic  of  the  organic  median 
ism  is  its  singular  adaptation  to  mild  temperatures  and 
gentle  reactions,  and  its  singular  efficiency  under  these 
conditions.  The  living  body,  whether  plant  or  animal,  is 
a  mild-temperature  engine.  It  eschews  intensities  and 
wide  fluctuations.  Its  best  work  is  done  under  equable 
conditions  or  mild  oscillations.  This  gives  strength  to 
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the  presumption  lh.it  n  tiun  under  con* 

ditions   a>   similar   .is   mi^ht    IK-   to   thosi-   (  .juablc  and 
gentle  oscillatory  states  of  earth    air.  water,  and  insola- 

that  haxc  i  :  to  its  best  act iv- 

haps  there  i-  D  m  the  earth's  career 

remarkable  than  the  fidelity  with  whiih  th« 
narrow  ranges  of  temperature,  and  the  not  less  narrow 
ranges  ,,f  atmospheric  constituents  essential  to  th< 
luii»n  of  liie.   have  lu-en   maintained,   while  .iscillatimis 
within  thi-sc  ;  ilile  ranges  have  freely  prevailed. 

These    limits    and    these  oscillations    wire    perhaps  as 
imperative  for  life's  origin  as  for  its  prolonged  main 

laps  the  supreme  i  riterion  to  which  a  h\p«>: 
of  the  genesis  of  the  earth,  of  the  mode  of  its  growth,  and 
of  the  evolution  of  it>  inhabitants  can  he  submitted 
next  after  its  Complete  fulfilment  of  the  specific  require- 
ment of  the  !  vestiges  embodied  in  itself  and  in 
its  ongoings — is  the  fitness  and  the  adequacy  of  its 
lates  for  the  task  of  maintaining,  throughout  all 
the  earth's  adolescent  and  adult  stages,  those  delicate 
conditions  that  have  made  possible  the  long  sequence 
lerful  assent.  The  fidelity  with  which 
life  has  U^n  furnished  a  suitable  environment  for  the 
uninterrupted  pursuit  of  its  ax.en.sive  career,  and  the 
unbroken  continuity  with  whuh  the  requisite  sources 
ply  have  been  maintained,  may  well  be  regarded  as 
the  profoundcst  expression  of  the  law  of  equilibrium 
manifested  in  the  long  course  of  the  earth's  history 

It  i>  our  personal  view  that  what  we  conveniently 
regard  as  merely  material  is  at  the  same  time  spiritual. 
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that  what  we  try  to  reduce  to  tin-  niechani>tic  i-  at  the 
>ame  time  volitional,  but  whether  this  be  so  or  not, 
tin-  emergence  of  what  we  call  tin-  living  mmi  the  i: 
ijanic.  and  the  emergence  of  what  we  call  the  |»yehic 
from  the  physiologic,  were  at  once  the  transcendent  and 
the  transcendental  features  of  the  earth's  evolution. 
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Escaoe:    of  atmosphere,  compu- 
tation rr!..  i;   of  lava*. 
molecules,   31:    pro- 
grcMJonil   mode  of  molecular, 
progressive    orbital.    25; 

Eurafrican  quadrilateral,  view  of, 
zoo. 

of  satellites.  55;  of 
solar  nebula  into  planetary  sys- 
trm.  130;  of  sub-oceanic  cone*. 


Ratal's  Cave,  186. 
Msh-Mouth  Nebula.  86. 

Forbidden  field,  oo. 


Forward  rotation,  58,  oo. 
Framework:    basal,  213; 

cations  oi 

IQ4.  x>3,  XM. 
Fulcrum  zone,  188. 
Futile  efforts,  72. 

Gale.  II   G 


Gaseous  globe,  test  carried  back 

to.  34. 

Gaseous  hypothesis,  48. 
Caseous  theory  of  earth-genesis 

in    light    of 'kinetic    theory  of 

gases,  to. 
Gases:    distribution  of,   51;    old 

view  of,  10. 
Geo-naturalist, 
Giant  nebula,  128. 
Giant  nebulae,  127. 

it's  Causeway.  186,  187. 
Glauer 
Globe:     Antillean   view   of,    207; 

East  Indian  view  of ,  210;  Euraf- 

rican    view    of.    209;     Indian 

Ocean   view    < 

Pacific  view  of,  222;  South  At- 
lantic view  of.  206;  South  Pa- 
cific view  of.  219;  south-polar 

•v  of.  205. 
Gradient,  thermal.  I 

'undations,  8. 
Granitic  intrusions,  & 
Great    contact    noriaons.    higher 
organisation  in.  .-41 

Great  Nebula  in  Orion,  86. 
Great  world-ridge,  ; 
Growth  of  embryonic  framework 
fantile  earth,  basis  of.  191. 
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(Irubcnmann,  U.,  225. 
Gyral  sy-tcm>.  196. 
N  bi-zonal,  197. 

G.  E.,  29. 

Hall,  A.,  56. 

Heat:  divergent  courses  of,  233; 
generation  of,  227. 

Heat  generators,  236. 

Heavy  rigid  factors,  219. 

Hccker,  191. 

Hemispheres,  contrasts  of,  201. 

Hexafid  earth,  189;  flexibility  of, 
191. 

Hexafid  segmentation,  213. 

Highs,  permanent,  196. 

Hydrosphere:  collection  of,  167; 
co-operation  with  lithosphere 
and  atmosphere,  168.  / 

Hydrospheric  influences,  modi- 
fying, 197. 

Hyperbolic  path,  16. 

Hypothesis:  centrifugal,  43,  48, 
55;  collisional,  65;  Kantian,  66, 
67;  Laplacian,  11,19,32,41,49, 
less  specific,  63,  64;  mc- 
teoritic,  75;  planetesimal,  130- 
58. 

Imperfection  of  theoretical  series, 

244. 
Inclination    of    planetary    orbits, 

46. 

Independence  of  volcanoes,  231. 
Indian  Ocean  basin,  217. 
Indian  Ocean  view  of  globe,  216. 
Inelastic  aggregates,  160. 
Initial  biologic  habitat,  250. 
Inner  reorganization   of  juvenile 

earth,  226,  238. 
Inorganic  syntheses,  246. 
Inquiry:    along   collisional    lines, 

82;    along    gaseous    lines,    74; 

along  meteontic  lines,  74. 
Interchange  of  atmospheres.  32. 


Interior:     stress    control   of,    228; 

temperature  and   ph\-i.  .il   ttaU 

of,  ; 

Internal  movement,  180. 
Introduction,  i. 
Intrusions,  grani: 
Irregularities:     of    Mercur 

Venus,  176;   of  moon,  176. 

Johnston,  John,  225. 

Jupiter,  42,  50,  52,  54,  55,  5$,  I3S» 
'36,  137,  153;  moons  of,  70. 

Juvenile  earth,  inner  reorgani- 
zation of,  226. 

Juvenile  shaping  of  earth,  159. 

Kantian  hyjxjthesis,  66,  67. 
Katamorphism,  zone  of,  242. 
Kinetic  view:    of  gases,    n,  37; 

revisions  of,  32. 
Knots:  and  nebulous  haze,  nature 

of,  136;   collecting  centers,  133; 

cores  of,  142;  masses  of,  138. 
Krakatoan  atmosphere,  ultra,  248. 
K renal    atmosphere,    20,    21,    22, 

157;  of  sun,  26. 
K  renal  zone,  20,  21. 

Land  hemisphere,  222. 

Laplace,  2,  10. 

Laplacian  hypothesis,  n,  61;  at- 
mospheric test  Of,  32;  postu- 
late- of.  41;  specific  defects  of, 
49;  testing  tenets  of,  49. 

Larmor,  Sir  Joseph,  224. 

i          .  escape  of,  231. 

Law:     of    alternates,     221;      of 
dominance,   221;    of   op|> 
221;    of  probabilities,  test  by, 
130. 

Leith.  C.  K.,  22S. 

Less  specific  hypotheses,  63. 

Lick   Observatory,    80,   83,    119, 

121. 

Life,  maintenance  of,  261. 


Life-genesis,  special  demands  of, 

.imbrun  Period. 
750. 

;,  a*. 

Lion  in  the  wmy,  78,  go. 
Liquefaction,  «rh 
Uquefactive  control  of  tempera  - 

LUhospbere,    co-operation    with 
hydrosphere    and    atrno^ 

: 
Lunn 

Ma.  '  47- 

Magnetic  action,  148. 
Magnetism:    and  elasticity,   161; 

and  rotation,  160. 
Maintenance  of  life,  261. 

138.  1 39.  ' 

Masses  and  momenta,  test  of,  52. 
Master-features,  215. 
Material  vestiges,  38. 

-5- 
Mechanistic.  747.  262. 

\   139 
irregularities  of,  176. 

no. 

iional  trends,  207. 
'!.>>•».  240. 

plunge  ot 

Meteor  ..thesis,      quasi- 

gaseous  form  of,  75. 
ods  of  inquiry,  39. 

Miv  hrUm.  A    A  .   i>n.   :: t 

. mjH-nit  urc  engine,  260. 
Modifications  of  framework.  193. 
Modifying     influences:      atmos- 

afofecubi 


Molecule*:  escape  01,31;  orbital. 

.  paths  of,  i'/ 
Moment  of  momentum.  4 « 
Momentum,  60;  in  nebula,  value 

of,  50;  moment  of,  41;  |icrcent- 

age  of,  70 

Mono-parental  origin,  101. 
Moon:  irregularities 
Moon>  r  and  Saturn,  70. 

Moulton.  I 
Moult-  x,  18,  33. 

49.  SO-  5«  '•«. 

"9.  H3.  i»9.  «5S.  «S°.  »S8,  JJ7- 
Mount  Wilson  Solar  Observatory, 

156. 

Movement,  mode  of  internal.  182. 
Movements,  due   to  changes  of 

rotation,  184. 

Nebula:  giant,  127,  128;  testi- 
mony of,  124;  value  of  momen- 
tum of,  50; 

—solar:  evolution  of  into  plane- 
tary system,  130; 

— ^jiral:  117.  IK;.  I.M.  j.'s,  131; 
aHgnH  modes  of  development 
-•2;  two  arms  ot 

Nebular  ring,  test  applied  to,  35. 
•us,  haie  and  knots,  nature 
of,  136. 

•us  matter,  aggregation  of. 

US- 
Neptune,  4*.  5° 

153- 

Nolan,  56.  71. 
North  Atlantic  basin, 
North    Atlantic    view   of    globe. 

>  Pacific  basin,  217. 
North  Pacific  quadrilateral 
Pacific  view  of  glob, 
North-south  swaying  of  pyramids. 
190. 
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Oblique  rotation,  06. 

Ocean  basins,  coalescence  of,  212. 

Ocean  circulation,  108. 

Ocean,  primitive,  251. 

Oceanic  basins,  217. 

Oceans:  circularity  of,  198,  215, 

219;  paired,  213. 
Offset  positions,  214. 
Older  (osmo-onic  views,  64. 
OJHII  rcticulum,  258. 
Op|x>Mtes.  law  of,  221. 

Orbital  atmosphere,  21,  22,  157; 
of  sun,  26. 

Orbital  molecules,  23. 

Orbital  movements,  momentum 
requisite  for,  60. 

Orbits:  assigned  mode  of  devel- 
oping of,  123;  circularity  of ,  149, 
150,  151; 

— of  planetoids,  55;  eccentricities 
of,  69. 

Organic  chemist,  260. 

Organization,  higher,  in  great  con- 
tact horizons,  241. 

Origin:  bi-parental,  101;  mono- 
parental,  101 ;  of  satellites  and 
satellitesimals,  143. 

Osmosis,  260. 

Osmotic  action,  255. 

Parabolic  velocity,  16,  33. 
Parallel  rccrystallization,  240. 
Permanent  highs,  196. 
Phobos,  56. 

Physical  state  of  interior.  161. 
Plane  of  sun's  rotation,  130. 
Planetary  atmospheres,  31,  157. 
Planetary  control  of  gases,  13. 
Planetary  knots,  specific  features 

of,  132. 
Planetary   masses,  symmetry  of, 

54- 
Planetary   orbits,   inclination   of, 

46. 


Planetary  system:    a  closely  ap- 

pressed  disk,  68;    evolution  of 

solar  nebula  into,  130. 
IManrtary  tidc>.  in.  ompetency  of, 

45- 
Planctesimal  dust,  164,  165 

den  of,  248. 
PlanrtesimaU.    142,   146,  147,  148; 

definition  of,  139. 
Planetoids,   birth   of,    135;    orbits 

of  55;     inclined  to  equator   of 

Min,  69. 
Planets:  atmospheres  of,  26;  orbits 

of.  inclined  to  equator  of  sun, 

69;   spacing  of,  150. 
Preface,  ix. 

Primary  segmentation,  185. 
Primeval  chaos,  64. 
Primitive    framework,     193,    194, 

203,  204;  outgrowths  of,  203. 
Primitive  ocean,  251. 
Probabilities,  law  of,  test  by,  130. 
Prohibitive  ban,  90,  95. 
Psychic  action,  247. 
Psychological  element,  advent  of, 

246. 

Psychologist,  260. 
Pyramidal  segments,  217. 
Pyramids,  four-sided,  189. 

Quadrilateral:  North  Paciii 

of  Indian  Ocean,  216. 
Quadrilaterals,  189,  192,  206. 
Quasi-organic  syntheses,  242. 

Radioactive  factor,  227. 
Radioai  live  parti<  les,  31. 
Radioactivity.  236. 
Reactions,  cndothermic,  238. 
Reciprocity,  atmospheric,  27. 
Recombination,  235. 
Records,  materialistic,  39. 
Recrystallization :     parallel,    240; 
rock-flow  by,  231. 
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rig 


37.  47.   7L  89,   |jg. 
. 
Reorganisation.  335;  loner,  238. 

nit       cellular,     258;      of 
capillary  waters,  157;  open,  258. 
Retrograde  rotation,  58,  59,  90. 

grade  satr! 
Rigid  factor*,  heavy,  219. 

!  .   M 


Rinp,  55,  57;    formation  of,  58; 
of  Saturn,  58,  59. 

Ring  theory.  57- 

Roche,  Eduard.  102,  129. 

i 

Rock-flow,    182;     by    recrystalli- 

Sati 

Rotating  bodies,  magnetic,  160. 
Rotation:  changes  of.  175; 
ment  >y,  184;  direction 

70;      equilibrium    of,    99; 
•rward 

58,  90;    initial,  of  earth-knot, 

oblique.  06;    rate  of.  41; 

retrograde,  58.  59,  90;    of  the 

. 
Rol.ition.il  -tr«  •>-  .hit.  rcn.  .  I,    ttg 

Salisbury.  R.  I  >.,  and  Chamberlin. 
i.  captured,  earmarks  of, 

Satellite    knots,  144,   155;    said- 

rings.  55;     satellites:    and 

^lU-lht.-xmuilv    origin    ol     14*. 

evolution  of.  55;    growth  and 

adjustment  of,  152;  retrograde, 

'S3- 

tesimal  matter.  165. 
tesimals.     146,     147 

origin    of 
satellites  and. 
Saturn 

moons  of  ,70;  rings  of  ,  58,  59. 
Saw-tooth  arrangement  in  equa- 

torial belt.  189. 
Schistose  structure,  .140. 


Schteosily,  183. 

Scrope,  187. 

Secular  perpetuation  of 

..!  -j«-,  ilu  Kr.i\it>     ,.y- 


j6a 


Segments:    sub-ocean > 
angular,  188.  189. 

Segregation   of   heavy    material. 
ISO- 

Seismic  disturbances,  in  East  and 
West  Indies,  j  13. 

Seismic  waves,  181;   distortiooal, 
181;  transmission  of,  240. 

Selei-tive  liquefaction,  235,  238. 

Selective  segregation  of  heavy  ma- 
terial 

MiapinK  .iK-i-iuirv.   :  ; .-. 

Shorelands,  254. 
Slichtcr.  C.  S..  47. 
Soil  action,  capillar> 
•  rcathing,  255. 
Soil-films,  258. 
Solar  eruptions,  103;  belt  • 

Solar  nebula,   130;    evolution  of. 

into  planetary  system,  i  jo. 
Solar  prominences.  104. 
Solar  system,  decisive  testimony 

of  vestiges  of,  48. 
Solid-flow,  182. 
Solution-curve,  234. 
South  .-17. 

South    Atlantic    view    ol    globe, 

206. 


South  Pacific  view  ol  globe.  219. 
South-polar  view  ol  globe.  205. 
Spacing  ol  planets.  150. 
Specific  gravity:  high, 

lar  perpetuation  ol 

of,  198. 


Uwcope,  59. 


73- 
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Spin- re:    of  control,    18,   23;    of 

influence,  18. 
Spiral   nebula,  80,  81.    1 1 

125,  131;   assigned  modes 

of  development  of,  122;  double, 

156;  two  arms  of ,  1 24. 
Spiritual.  247. 

.47- 

Stoney,  G.  Johnstone,  20,  21,  32, 
37- 

Stress-control  of  interior,  228. 

Stress-differences:  of  tides,  177, 
178;  rotational,  229. 

Stresses:  distribution  of,  177; 
tensional,  186. 

Sub-knots,  144. 

Sub-oceanic  cones,  217,  218,  220, 
221;  evolution  of,  215. 

Sub-oceanic  segments,  217. 

Sun:  effects  of  tides  in,  44;  elec- 
tric fields  of,  29;  eruptive  promi- 
nences of,  104,  106,  109,  MS. 
154;  inclination  of  equator  of, 
60;  obliquity  of  axis  of,  41; 
plane  of  equator  of,  46;  present 
rotation  of,  41;  rotation  of, 
134;  plane  of  rotation,  130; 
ultra-atmosphere  of,  26,  27; 
•sres  in,  40. 

Supplementary  agencies  acting  on 
atmosphere,  27. 

Supreme  criterion,  261. 

Swaying  of  pyramids,  north-south, 
100. 

Symmetry  in  planetary  masses, 
54. 

Syntheses:  chain  of,  244;  inor- 
ganic. 246;  quasi-organic,  242. 

Synthetic  compounds,  243. 

Temperature:  liqucfactive  con- 
trol of,  239;  of  interior,  161. 

Tensional  stresses,  186. 

Terrestrial  planets,  knots  of,  142. 

Test:  applied  to  nebular  ring,  35; 
carried  back  to  gaseous  globe, 


•  >f  masses  and  momenta,  52; 
ultimate,  36. 

Theoretical  series.  im|x -rfo -lion  of, 

244. 

Thermal  t  urve.  239. 
Thermal  gradient,  . 
Thomson,  J.  J.,  30. 
Til.rtan  regions,  248. 
Tidal  action,  adaptation  to,  100. 
Tidal  tones,  in. 
Tidal  forces,  1 10. 
Tides:   in  sun,  clT«ts  ,,f,  44;    jn- 

competency   of   planetary,   45; 

stress-differences  of,  177,  178. 
Titicacan  regions,  248. 
Transcendent,  262. 
Transcendent  and  transcendental 

features  of  earth's  evolution,  262. 
Transmission  of  seismic  waves,  240. 
Triangles,  pairs  of,  189. 
Trifid  segmentation,  213. 
Tyndall,  2, 5. 

Ultra-atmosphere,  19,  21,  22,  27, 

59,  144- 
ritra-atmc»pluT.-x    of    earth    and 

sun,  equilibrium  of,  26,  27. 
Ultra-Krakatoan  atmosphere,  248. 
Undercooled  liquids,  181. 
Uranus,  135,  137,  153. 

Van  Rise,  C.  R.,  225. 

Venus,  137,  142;  irregularities  of, 
176. 

Velocity:  critical,  33;  from  infin- 
ity, 16;  of  escape,  24;  of  sun's 
equator,  43;  parabolic,  33. 

s:  dynamic,  39;  in  the 
sun,  40;  material,  38;  of  cos- 
mogonic  states  and  their  sig- 
nificance, 38;  of  evolution,  58; 
of  solar  system,  decisive  testi- 
mony of,  48. 

Volcanic  disturbances  in  East  and 
West  Indies,  213. 
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Water*,  capillary 

Waves:    seismic,  181;    transmis- 

*ion  of,  140. 

Weak  (acton,  light.  219. 
India:    flcxibil. 

•ebmic   and   volcanic  disturb- 

.in.  r^  in.    .-j  ; 


37- 
Woodward,  I 

Yerkcft  ObMfvatory,  86»  104.  106, 

109,  117,  ij3,  i4j,  154. 
Yield  hcmbjArrr,  904. 
Yield-tract*,  904,  Jo6,  jo8,   sto. 

Zone:  of  downward  changes,  243; 
of  kaUmorphtsm.  343. 
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